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ABSTRACT 

The  behavior  of  soil  under  dynamic  loading  is  an  important  factor  in  the 
soil- structure  interaction  problem.  To  study  this  behavior,  a  series  of 
dynamic,  high-pressure  triaxial  and  one-dimensional  compression  tests  has 
been  conducted.  Special  testing  devices  developed  for  this  research  are 
described.  In  the  one-dimensional  tests,  the  peak  pressures  ranged  from 
620  psi  to  11,  300  psi  with  rise  times  to  the  peak  pressure  of  1. 9  milliseconds 
to  1,625  milliseconds.  In  the  triaxial  tests,  cell  pressures  from  100  psi 
to  1,010  psi  were  used  with  times-to-failure  varying  from  3  milliseconds 
to  100  seconds.  In  addition,  partial  loading  triaxial  tests  were  run  in  which 
the  applied  axial  stress  was  20  percent  to  60  percent  of  the  failure  stress. 

The  soil  used  was  a  compacted  silty  clay  of  low  plasticity.  The  test  results 
are  presented  and  the  influence  of  rate  of  loading  and  pressure  level  on 
compressive  strength,  ratio  of  lateral  to  axial  pressures,  stress- strain 
relations,  residual  strains,  and  creep  under  constant  load  are  evaluated. 
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CHAPTER  1 


INTRODUCTION 


1 . I  GENERAL 

Conventional  underground  structures  have  been  successfully  de¬ 
signed  for  many  years  with  only  a  limited  knowledge  of  the  properties  of 
the  surrounding  soil.  These  design  procedures  have  been  developed  largely 
from  field  observations  of  successful  and  unsuccessful  structures  and, 
therefore,  they  are  useful  only  for  conventional  loadings  and  types  of 
structures.  Underground  structures  which  are  intended  to  survive  the 
effects  of  a  nuclear  blast  must  resist  dynamic  loads  of  great  intensity 
which  are  weP  beyond  the  normal  range  of  experience.  These  loads  are 
transmitted  tne  structure  through  the  soil  and  the  load  acting  on  the 
structure  is  a  function  of  the  behavior  of  both  the  soil  and  the  structure 
under  the  dynamic  loading.  To  fill  the  void  resulting  from  the  lack  of 
experience  with  this  type  of  loading,  the  study  of  the  dynamic  soil- 
structure  problem  has  been  undertaken  by  many  investigators.  Much  of 
the  theoretical  work  has  been  based  on  assumed  simplified  soil  properties 
with  the  primary  interest  directed  towards  the  structure,  i;.  other  cases, 
model  structures  buried  in  soil  have  been  tested  in  the  laboratory.  Here, 
the  behavior  of  soil  under  dynamic  loading  is  complicated  by  the  complex 
boundary  conditions  which  result  from  the  interaction  between  the  soil 
and  the  structure. 

It  is  apparent  that  a  full  understanding  of  soil-structure  inter¬ 
action  demands  a  knowledge  of  the  effect  of  the  loading  and  of  the  boundary 
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conditions  on  the  behavior  of  the  soil.  This  research  is  directed  to 
th-is  end.  Since  the  soil  properties  will  depend  to  a  large  extent  on 
the  character  of  the  loading,  a  brief  review  of  the  ground  shock 
phenomena  resulting  from  a  nuclear  blast  follows.  This  will  serve  to 
define  the  nature  of  the  loads  which  are  of  interest. 

1.2  GENERAL  ASPECTS  OF  THE  PROBLEM 

Figure  1.1  shows  three  structures  embedded  in  the  soil  over¬ 
burden  at  three  different  distances  from  ground  zero.  The  structure 
nearest  ground  zero  is  assumed  to  be  close  enough  for  direct  induced 
loading  to  be  of  major  concern.  The  remaining  two  structures  are 
assumed  to  be  far  enough  away  from  ground  zero  for  the  direct  induced 
loading  to  be  of  minor  importance  compared  to  the  air-blast  loading. 

For  purposes  of  discussion,  three  zones  of  differing  blast  load  character 
will  be  defined,  namely,  close-in,  superseismic  and  subseismic. 

Close-in  structures  quite  likely  will  receive  a  major  direct 
induced  load  with  both  vertical  and  horizontal  components;  an  instant 
later,  similar  loading  will  be  received  from  the  air  induced  ground 
shock.  Very  little  field  information  is  available  on  underground 
structures  that  were  subjected  to  significant  pressures  in  the  close-in 
zone. 

The  air  induced  loading  in  the  superseismic  zone  has  both 
vertical  and  horizontal  components.  However,  for  structures  over  which 
the  transit  time  of  the  peak  pressure  is  very  small  (relatively  compact 
structures  parallel  to  the  direction  of  wave  propagation),  the  principal 
phenomena  involved  appear  to  be  vertical  motions;  this  conclusion  is 
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based  on  interpretations  of  field  test  results.  For  this  reason,  compact 
structures  may  be  treated  by  one-dimensional  techniques.  However  the 
two-dimensional  aspects  become  increasingly  important  for  longer  or  taller 
structures,  in  which  cases  the  transit  time  of  the  wave  front  and  the 
relative  horizontal  displacements  of  the  soil  at  different  depths  are 
signi f icant. 

Finally,  structures  in  the  subseismic  zone  will  receive  first 
a  load  from  the  seismic  wave  propagating  through  the  soil;  at  a  later 
time  the  air-blast  loading  will  arrive.  The  first  motion  of  the  structure 
may  actually  be  upwards  because  of  reflection  of  the  wave  propagated 
through  the  soi I . 

The  overpressure  levels  of  interest  in  the  close-in  zone  may 
exceed  10,000  psi,  those  in  the  intermediate  zone  may  be  in  the  range  of 
several  thousand  down  to  several  hundred  psi.  In  the  subseismic  zone, 
pressures  on  the  order  of  a  few  hundred  psi  in  rock,  or  considerable  less 
in  soil,  will  be  of  interest.  The  general  problem  is  to  find  the  mag¬ 
nitude,  direction,  and  time  dependency  of  the  loads  transmitted  onto  buried 
structures  by  the  soil  surrounding  them.  The  loads  transmitted  to  the 
structure  depend  not  only  on  the  physical  properties  of  the  soil,  but  also 
on  the  physical  properties  of  the  structure.  This  is  the  interaction 
problem.  The  area  of  interest  in  this  research  is  the  role  of  the  soil 
medium  in  the  dynamic  interaction  problem. 

1.3  SCOPE  OF  STUDY 

The  purpose  of  this  work  was  to  define  the  dynamic  stress-strain 
relations  for  a  particular  soil  throughout  a  range  of  loading  conditions. 
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The  emphasis  on  a  single  soil  was  necessary  to  limit  the  number  of  variables 
to  that  which  could  be  thoroughly  investigated  within  the  time  limits 
available.  The  static  properties  of  the  soil  selected  for  study  are  given 
in  Chapter  2. 

One-dimensional  compression  tests,  which  provide  stress-strain 
relations  under  the  condition  of  zero  lateral  strain,  were  conducted  on 
specimens  1  inch  thick  and  4  inches  in  diameter  using  a  range  of  pressures 
up  to  11,000  psi  with  rise  times,  i.e.  the  time  required  to  apply  the  peak 
pressure,  as  short  as  2  milliseconds.  A  specially  designed  apparatus  was 
required  for  these  tests.  A  description  of  the  apparatus,  the  test  results, 
and  an  interpretation  of  the  test  results  are  presented  in  Chapter  3. 

The  stress-strain  relations  and  the  strength  of  the  soil  under 
the  condition  of  constant  lateral  stress  were  investigated  using  a  tri- 
axial  testing  apparatus  developed  for  this  purpose.  Specimens  1.5  inches 
in  diameter  and  3  inches  high  were  used  with  cell  pressures  up  to  1000  psi. 
The  axial  load  was  applied  with  t imes-to-fai lure  varying  from  3  milli¬ 
seconds  to  approximately  a  minute.  Chapter  4  contains  a  description  of 
the  apparatus  and  a  presentation  of  the  test  results  with  their  inter¬ 
pretation. 

An  attempt  to  formulate  a  theory  which  could  relate  the  dynamic 
one-dimensional  and  triaxial  stress-strain  relations  proved  to  be  un¬ 
successful.  The  reason  for  this  is  that  a  theory,  if  it  is  indeed  possible 
to  formulate  one,  must  reflect  the  test  results  and  the  empirical  re¬ 
lationships  among  the  variables.  Because  the  time  required  to  develop 
the  testing  equipment  greatly  exceeded  the  original  estimates,  it  was  not 
possible  to  accomplish  this.  It  would  also  appear  that,  in  light  of  the 
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test  results,  the  development  of  a  general  theory  for  stress-strain  re¬ 
lations  of  soil  under  dynamic  loads  will  require  data  on  effective  stresses 
and  volume  changes.  Techniques  for  measuring  these  during  a  dynamic  test 
are  not  yet  available.  The  triaxial  and  one-dimensional  tests  results  are 
compared  in  Chapter  5  to  study  relationships  which  are  of  interest  in 
soil-structure  interaction  problems. 
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Envelope  of  Peak  Overpressure 


FIGURE  l.l  .  BLAST  LOADING  EFFECTS  ON  UNDERGROUND  STRUCTURES. 


CHAPTER  2 


SELECTION  OF  SOIL  AND  MEASUREMENT  OF  STATIC  PROPCRTIES 

2.1  SELECTION  OF  SOIL 

Considering  the  limited  time  available  to  perform  this  in¬ 
vestigation  and  the  fact  that  most  of  the  experimental  apparatus  had 
to  be  designed  and  constructed  during  the  contract  period,  it  was  neces¬ 
sary  to  restrict  the  investigation  to  a  single  soil.  The  ranges  in  pro¬ 
perties  of  this  soil  were  restricted  by  various  practical  considerations. 
Tests  on  sands  were  not  considered  since  tests  by  Whitman  and  Healy' 
indicated  that  dynamic  effects  of  major  importance  were  associated  on’y 
with  dense  saturated  sands.  Saturated  soils,  of  all  types,  were 
eliminated  since  one  of  the  major  aspects  of  the  investigation  was  to 
investigate  the  dynamic  one- dimensional  compression  characteristics  of 
a  soil.  In  a  saturated  soil,  the  dynamic  one-dimensional  properties 
would  be  dominated  by  the  properties  of  the  relatively  incompressible  water 
and  useful  soil  data  would  not  result.  Natural  soils  were  eliminated 
because  of  the  problem  of  obtaining  a  large  number  of  essentially  identical 
specimens.  Hence,  the  project  was  restricted  to  the  study  of  the  dynamic 
compression  characteristics  of  a  compacted  unsaturated  cohesive  soil. 

A  clay  of  low  plasticity  was  selected  since  highly  plastic 
clays  are  not  commonly  used  in  compacted  fills.  The  desired  maximum 
particle  size  was  set  at  about  the  #40  sieve  (0.42  mm)  since  the  triaxial 
tests  were  to  be  performed  using  1.5-inch  diameter  samples.  A  clay  of 
low  plasticity  with  a  liquid  limit  of  about  35  percent  was  considered  to 
meet  the  requirements  most  satisfactorily. 
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In  investigating  sources  of  commercially  processed  clay,  samples 
of  "Goose  Lake  Flour"  and  "Grundite"  were  obtained  from  the  Illinois  Clay 
Products  Co.,  Joliet,  Illinois.  The  Goose  Lake  Flour  had  most  of  the  de¬ 
sired  properties  and  a  large  quantity  of  this  soil  was  obtained.  To  avoid 
confusion,  this  soil  will  be  called  "Goose  Lake  Clay"  in  this  report. 

2.2  INDEX  PROPERTIES  OF  THE  GOOSE  LAKE  CLAY 

Tests  on  several  samples  from  the  shipment  revealed  that  the  clay 
was  quite  uniform  in  physical  properties.  The  index  properties  of  the  soil 


include: 

liquid  limit .  31  percent 

plastic  limit .  17  percent 

shrinkage  limit .  15  percent 

specific  gravity .  2.72 


A  grain-size  distribution  curve  is  presented  in  rig.  2.1,  which  reveals  that 
the  soil  is  9  percent  sand  (coarser  than  0.06  mm),  57  percent  silt  (0.06  mm 

2 

to  0.002  mm)  and  34  percent  clay  (finer  than  0.002  mm).  Hence,  the  activity 
is  0.41 . 

The  standard  and  modified  Proctor  moisture-density  curves  for 


Goose  Lake  Clay  are  shown  in  Fig.  2.2.  The  maximum  dry  densities  and 
optimum  water  contents  are: 


Maximum  Dry 

Optimum  Water 

Test 

Density,  pcf 

Content,  percent 

Standard  Proctor  . 

.  1 12.7  . 

.  14.5 

Modified  Proctor  . 

.  124.5  . 

.  11.3 

* 
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Professor  R.  £.  Grim  (Geology  Department,  University  of  Illinois) 
indicated  that  the  dominate  clay  mineral  in  the  Goose  Lake  Clay  is  illite. 
mineral  analyses  were  performed  on  the  soil  used  in  this  investigation. 

2.3  COMPACTION  STUDIES 

To  produce  a  large  number  of  essentially  identical  samples,  it 
was  necessary  to  select  a  specific  method  of  compaction  to  be  followed 
throughout  the  study.  Since  the  problems  associated  with  the  preparation 
of  the  triaxial  specimens  were  considered  to  be  more  severe  than  the  problems 
associated  with  the  preparation  of  the  specimens  for  the  one- dimensional 
tests,  the  preliminary  compaction  studies  were  performed  simultaneously 
with  the  development  of  the  compaction  techniques  for  the  triaxial  specimens. 

A  study  of  the  various  compaction  methods  in  common  use  suggested 
that  the  most  uniform  samples  would  probably  be  obtained  by  static  compaction 
of  very  large  specimens  followed  by  trimming  out  small  specimens  for  testing. 
However,  economic  considerations  indicated  that  such  a  procedure  would  not 
be  feasible  on  this  project.  Instead,  a  kneading  compaction  procedure,  de¬ 
veloped  on  another  research  project,  was  adapted  for  this  project.  The  soil 
was  compacted  into  a  1.5- inch  diameter  by  3.0- inch  high  3-part  split  com¬ 
paction  mold  using  a  compaction  foot  shaped  like  a  sector  of  a  circle. 
Moisture-density  curves  for  Goose  Lake  Clay  using  a  range  in  water  content 
between  7  percent  and  16  percent  and  using  foot  pressures  of  100  psi,  20u 
psi  and  400  psi  are  shown  in  Fig.  2.3.  For  this  series  of  tests,  the  soil 
was  compacted  in  ten  layers  using  8  blows  per  layer  and  using  a  30-degree 
compaction  foot. 

A  series  of  samples  was  compacted  and  miniature  penetration  tests 
were  performed  on  the  soil  at  various  locations  in  an  attempt  to  develop 
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a  compaction  procedure  that  would  produce  reasonably  homogeneous  samples. 

The  procedure  that  seemed  to  give  the  most  satisfactory  results  was  to 
compact  the  soil  in  ten  layers  using  eight  blows  per  layer  from  a  wedge- 

shaped  foot  having  a  30-degree  apex  angle.  Each  layer  was  scarified  with 

an  .  pick  before  the  soil  for  the  next  layer  was  added.  A  nominal  foot 

pressure  of  200  psi  was  used.  All  samples  were  compacted  at  water 

contents  slightly  lower  than  the  optimum  water  content. 

After  completion  of  a  series  of  preliminary  tests  involved  with 
equipment  development,  the  main  series  of  triaxial  compression  tests  were 
performed  using  soil  from  six  batches.  The  dry  densities  and  water  con¬ 
tents  of  all  these  specimens  are  shown  in  Table  2.1.  The  mean  wat^r  con¬ 
tents  and  dry  densities  for  samples  compacted  from  each  batch  of  soil, 
together  with  the  standard  deviations,  are  presented  in  Table  2.2.  Con¬ 
sidering  that  normal  weighing  accuracy  and  variations  in  oven  temperature 
can  produce  errors  in  measuring  the  water  content  of  at  least  0.1  percent, 
the  standard  deviations  of  the  water  contents  within  each  batch  are  about 
as  small  as  possible.  The  largest  source  of  error  in  controlling  the  dry 
density  is  the  dwell  time  of  the  compaction  foot.  Wide  variations  in 
dwell  time  can  alter  the  compacted  dry  density  by  several  pounds  per  cubic 
foot.  Thus  the  standard  deviations  in  dry  density  are  also  considered  to 
be  about  the  minimum  that  can  be  expected  without  engaging  in  elaborate, 
and  expensive,  compaction  procedures.  A  comparison  between  the  initial 
water  contents  or  dry  densities  and  the  scatter  in  the  shear  data  reveals 
no  correlation.  Thus  the  samples  are  considered  to  be  essentially  identical. 
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2.4  STATIC  TRIAXIAL  COMPRESSION  TESTS 


No  static  triaxial  compression  tests  were  performed  by  project 
personnel  except  during  very  early  stages  of  the  project  when  attempts 
were  being  made  to  develop  a  suitable  instrumentation  system.  The  data 
obtained  from  these  tests  are  not  reported  since  these  preliminary  tests 
experienced  a  number  of  experimental  difficulties.  However,  four  series 
of  unconsol idated-undrained  triaxial  compression  tests  were  performed  by 
students  in  a  graduate  laboratory  course,  using  cell  pressures  between 
0  psi  and  120  psi.  These  tests  are  not  in  the  same  range  of  cell  pressure 
used  in  the  subsequent  dynamic  tests  but  they  provide  the  only  data  on  the 
static  shearing  characteristics  of  this  soil  and  are  reported  for  that 
reason. 

These  samples  were  compacted  using  the  same  procedures  used  to 
prepare  samples  for  the  subsequent  dynamic  tests.  The  dry  density  -  water 
content  data  are  plotted  in  Fig.  2.4  together  with  the  data  obtained  from 
the  samples  prepared  for  the  dynamic  tests. 

Modified  Mohr-Coulomb  failure  envelopes,  expressed  in  total  stresses, 
are  presented  in  Fig.  2.5  through  2.8.  The  minimal  scatter  of  the  in¬ 
dividual  points  from  the  failure  envelopes  indicates  the  high  level  of  re¬ 
producibility  of  the  soil  properties.  The  total  stress  angles  of  internal 
friction  and  cohesion  intercepts  are  plotted  against  the  compaction  water 
content  in  Fig.  2.9.  The  samples  used  for  the  dynamic  triaxial  tests 
probably  had  an  angle  of  internal  friction  of  about  22.5  deg.  and  a  co¬ 
hesion  intercept  of  about  38  psi  for  pressures  less  than  about  120  psi. 

Unfortui  itely,  these  static  tests  were  performed  before  the  per¬ 
formance  of  the  dynamic  tests;  thus  the  water  content  and  dry  density  for 
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the  dynamic  specimens  had  not  been  chosen.  None  of  the  static  tests  was 
performed  on  specimens  with  water  contents  or  densities  close  enough  to 
those  of  the  subsequent  dynamic  tests  to  yield  accurate  information  on 
volume  change  properties.  However,  a  very  approximate  interpolation  be¬ 
tween  the  available  static  tests  indicates  that  the  application  of  a  cell 
pressure  of  120  psi  to  the  samples  used  in  the  dynamic  tests  probably  re¬ 
sulted  in  a  decrease  in  volume  of  about  1.0  percent  and  that  another  3.5- 
percent  volume  change  occurred  during  shear. 

2.5  STATIC  ONE-DIMENSIONAL  COMPRESSION  TEST 

The  procedure  used  to  prepare  and  compact  the  specimen  of  Goose 
Lake  Clay  for  the  static  one-dimensional  test  was  the  same  as  that  used 
for  the  rapid  and  dynamic  one- dimensional  tests  as  described  in  Section 
3.3.  The  water  content  and  dry  density  of  the  specimen  were  11.5  per¬ 
cent  and  120.9  pcf,  respectively.  The  specimen  was  set  in  the  rapid 
loading  machine  and  subjected  to  a  seating  pressure  of  10  psi.  A  de¬ 
formation  of  0.0004  inch  occurred  under  the  seating  load,  as  measured  by 
a  pair  of  dial  indicators  recording  to  0.0001  inch  per  dial  division. 

Because  it  was  not  known  precisely  when  extrusion  of  the  soil 
would  occur,  a  continuously  decreasing  pressure- i ncrement  ratio  was  used 
in  an  attempt  to  define  a  possible  point  of  inflection  in  the  stress-strain 
curve  at  a  critical  extrusion  pressure.  The  pressure- increment  ratio  was 
decreased  from  5  to  16/15  over  16  increments;  each  pressure  increment  was 
applied  rapidly,  (within  0.1  second).  For  the  duration  of  each  load  in¬ 
crement  the  axial  stress,  radial  stress,  and  axial  strain  were  recorded 
on  an  oscillograph  at  a  paper  speed  of  one-quarter  inch  per  second.  The 
instrumentation  is  described  in  Chapter  3. 
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The  duration  of  the  pressure  increment  required  for  the  rate  of 
specimen  deformation  to  be  undiscernable  on  the  oscillograph  trace  and  the 
dial  indicators  was  approximately  one  minute.  At  a  pressure  of  1140  psi, 
small  droplets  of  water  could  be  seen  forming  at  the  contact  of  the  lucite 
piston  guide  and  the  piston.  The  saturation  of  the  specimen  at  the  time  the 
droplets  of  water  were  observed  was  calculated  to  be  98  percent.  The 
maximum  applied  pressure  was  3100  psi.  At  this  pressure  it  was  evident 
that  the  specimen  was  undergoing  continuous  extrusion.  The  specimen  was 
rebounded  c t  decreasing  pressure- increment  ratios  varying  from  7/8  to  1/2 
through  eight  increments.  The  specimen  continued  to  extrude  during  un¬ 
loading  until  the  pressure  was  below  2500  psi.  After  the  test  the  specimen 
assembly  was  removed  from  the  loading  machine  and  a  final  dial  comparator 
reading  was  obtained.  When  the  lucite  guide  rings  were  removed,  a  thin 
smear  of  extruded  material  was  observed  between  the  lucite  piston  guide 
and  the  top  of  the  ring. 

The  test  specimen  was  removed  from  the  ring  for  a  final  water- 
content  determination.  The  difference  between  the  initial  water  content, 
determined  from  small  samples  taken  during  compaction,  and  the  final  water 
content  was  one  percent.  The  test  was  completed  within  approximately  30 
minutes.  Figures  A. 25,  A. 50  and  A. 75  in  Appendix  A  show  the  results  of 
the  test. 
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TABLE  2.1 


DENSITY-WATER  CONTENT  DATA  FOR  SPtCIMENS 
USED  FOR  TRIAXIAL  TESTS 


Specimen 

Dry  Density 

Water  Content 

Batch 

No. 

pcf 

% 

No. 

1 

117.6 

11.5 

1 

2 

1 18.2 

11.6 

1 

3 

1 17.8 

11.9 

1 

4 

1 18.3 

11.5 

1 

5 

117.7 

11.5 

1 

6 

1  17.7 

11.6 

1 

7 

1  17.4 

11.5 

1 

8 

117.8 

11.6 

1 

9 

117.8 

11.6 

1 

10 

1 17.1 

11.5 

1 

1  1 

117.8 

11.6 

1 

12 

117.3 

11.5 

1 

13 

116.9 

11.5 

1 

14 

(115.4) 

11.5 

1 

15 

1  17.  1 

11.5 

2 

16 

116.5 

11.6 

2 

17 

116.6 

11.2 

2 

18 

116.5 

1 1.5 

2 

19 

1  16.6 

1  1  .6 

2 

20 

1  16.4 

11.2 

2 

21 

117.3 

11.3 

2 

22 

1  17.  1 

11.5 

2 

23 

1  16.5 

11.3 

2 

24 

1 16.7 

11.4 

2 

25 

1 16.9 

11.3 

2 

26 

117.  1 

11.4 

2 

27 

117.0 

51.2 

2 

28 

i  17.  1 

1 1 .4 

2 

29 

117.  1 

11.3 

3 
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TABLE  2.1  (continued) 


Specimen 

No. 

Dry  Densi ty 
pcf 

Water  Content 

% 

Batch 

No. 

30 

1 17.2 

11.3 

3 

31 

117.5 

11.4 

3 

32 

1 16.7 

11.4 

3 

33 

1  16.8 

11.4 

3 

34 

117.3 

11.3 

3 

35 

1 17.5 

1 1 .4 

3 

36 

117.3 

11.2 

3 

37 

1  17.6 

11.2 

3 

38 

1  17.8 

11.1 

3 

39 

117.2 

11.1 

3 

40 

117.3 

11.1 

3 

41 

117.3 

11.1 

3 

42 

1  17.3 

11.3 

4 

43 

1  17.8 

11.2 

4 

44 

117.3 

11.2 

4 

45 

1  17.3 

11.2 

4 

46 

1  17.4 

11.3 

4 

47 

117.0 

1 1.2 

4 

48 

1  18.0 

11.1 

4 

49 

117. 1 

11.2 

4 

50 

117.2 

11.2 

4 

51 

117.5 

11.2 

4 

52 

117.4 

1 1 .0 

5 

53 

117.6 

11.0 

5 

54 

117.6 

11.0 

5 

55 

117.6 

l  1.0 

5 

56 

1  17.4 

11.0 

5 

57 

1  17.7 

11. 0 

5 

58 

117.6 

1  1 .0 

5 

59 

1  17.8 

11.0 

5 

60 

117.4 

1 1 .0 

5 

61 

117.8 

11.0 

5 

62 

117.8 

10.9 

5 
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TAbLE  2.1  (continued) 


Specimen 

No. 

Dry  Density 
pcf 

Water  Content 

% 

Batch 

No. 

63 

1 17.4 

11.2 

6 

64 

117. 2 

11.1 

6 

65 

117.1 

11.1 

6 

66 

117.6 

11.2 

6 

67 

117.4 

11.2 

6 

68 

1  17.7 

11.4 

6 

69 

117.6 

11.2 

6 

70 

117.8 

11.2 

6 

71 

117.3 

11.2 

6 

72 

1 16.9 

11.0 

7 

73 

117.2 

10.9 

7 

74 

117.5 

10.9 

7 
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TABLE  2.2 


AVERAGE  DRY  DENSITIES  AND  WATER  CONTENTS 
OF  SAMPLES  USED  FOR  TRIAXIAL  SHEAR  TESTS 


Batch 

Number 

Mean 

a 

Mean 

No. 

of  Samples 

yd 

yd 

w 

pcf 

pcf 

<V 

/o 

1 

15 

117.6 

.4 

11.6 

2 

14 

1 16.8 

.3 

11.4 

3 

13 

117.3 

.3 

11.2 

4 

10 

117.4 

.3 

11.2 

5 

1 1 

117.6 

.2 

1 1 .0 

6 

9 

117.5 

.2 

11.2 

7 

3 

117.2 

-- 

10.9 

o 

w 


% 


.  1 
.  1 
.1 
.  I 
.0 
.  1 
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Figure  2.2.  Dynamic  Compaction  Curves  for  Goose  Lake  Clay  . 


Dry  Density  ,  pcf . 


Figure  2.3.  Kneading  Compaction  Tests  . 
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Figure  2.4.  Moisture -Density  Data  for  Samples  Used  in  Triaxial 


Figure  2.5.  Mohr-Coulomb  Diagram  for  Static  T riaxial  Tests  on  Goose  Lake  Clay. 


Goose  Lake  Clay 
Static  Q-Type  Tnaxial  Tests 
Xd  =  117.8  pcf 

w  =  14.1%  j _ 
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Figure  2.8.  Mohr-Coulomb  Diagram  tor  Static  Triaxial  Tests  on  Goose  Lake  Clay. 
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Figure  2.9.  Total  Stress  Shearing  Parameters  from  Static  Unconsolidated 
Undrained  Triaxial  Tests  on  Goose  Lake  Clay  . 


CHAPTER  3 


ONE-DIMENSIONAL  TESTS 


3.1  GENERAL 

To  perform  the  one- d i mens iona 1  compression  tests  it  was  necessary 
to  develop  machines  capable  of  applying  dynamic  compressive  loads.  The 
governing  criterion  was  that  the  full  load  should  be  applied  within  five 
milliseconds;  control  over  the  rate  of  load  application  was  also  considered 
desirable.  Other  requirements  were  that  the  machine  be  capable  of  main¬ 
taining  the  load  for  a  controlled  period  of  time,  and  that  the  load  could 
be  decayed  rapidly.  Consequently,  the  strain  measuring  equipment  had  to 
be  capable  of  responding  to  the  strain  rates  involved.  A  peak  stress  of 
10,000  psi  was  to  be  obtained  on  the  soil  specimen. 

One-dimensional  compression  implies  that  no  lateral  strains 
are  allowed  to  occur.  Although  this  restraint  is  possible  in  static  tests', 
economical  means  are  not  available  at  present  for  controlling  lateral 
strains  in  dynamic  tests.  Consequently  thick  steel  rings  were  used  in 
this  investigation  to  confine  the  soil  specimens;  the  thickness  of  the 
ring  was  controlled  to  keep  the  radial  strains  tc  a  minimum.  For  reasons 
presented  later  it  is  believed  that  the  occurence  of  limited  radial  strains 
had  a  very  minor  influence  on  the  test  results. 

Figure  3.1  illustrates  schematically  the  problems  and  requirements 

of  dynamic  one-dimensional  compression  tests.  It  is  desirable  to  measure 

the  axial  stress  a  ,  the  radial  stress  a  ,  and  the  axial  strain  e  ,  when 

0  r  0 

the  radial  strain,  is  kept  to  a  minimum.  Further,  simultaneous 
values  of  these  measurements  are  desired,  but  such  measurements  are  not 
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feasible  with  the  present  state  of  the  art  of  instrumenting  soil  tests. 
Therefore,  indirect  measurements  are  made  that  must  be  interpreted  with 
considerable  judgment  to  account  for  the  influence  of  stress  wave 
propagation  on  the  time  relationship  of  the  measured  functions. 

For  example,  the  peak  axial  stress  wave  passes  through  the 
SR-4  load  cell  before  the  soil  specimen  is  stressed  to  this  level. 
Furthermore,  after  the  peak  stress  reaches  the  soil,  there  is  a  delay 
before  the  concommitant  radial  stress  in  the  soil  is  indicated  by  the 
SR-4  gages  on  the  periphery  of  the  confining  ring  that  were  used  to 
measure  radial  stresses. 

Several  other  problems  also  exist  even  for  static  tests.  The 
axial  deformation  is  measured  between  two  points  remote  from  the  soil 
specimen;  therefore,  the  deflections  of  the  equipment  must  be  determined 
and  subtracted  from  the  recorded  deflections.  The  usual  problems  of 
seating  errors  and  ring  wall  friction  are  also  present  and  must  be 
minimized.  The  following  section  describes  the  details  of  the  test 
apparatus  along  with  the  solutions,  and  compromises,  to  the  foregoing 
prob 1 ems. 

3.2  DESCRIPTION  OF  APPARATUS 
Confining  Rings 

A  thick  steel  ring  one- inch  high  with  a  four- inch  inside 
diameter  was  used  to  confine  the  test  specimens.  To  limit  the  amount 
of  radial  strain  induced  by  an  applied  axial  stress,  the  thickness  of 
the  ring  in  a  radial  direction  was  adjusted  for  the  range  of  radial 
stresses  that  would  be  imposed.  An  attempt  was  made  to  limit  the  radial 
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strains  to  only  those  required  to  facilitate  accurate  recording  by  the 
use  of  SR-4  gages.  As  the  ring  thickness  in  a  radial  direction  was 
increased,  the  amount  of  strain  that  could  be  recordt-d  on  the  periphery 
decreased;  therefore,  thicker  rings  were  used  foi  the  higher  stress  levels. 
A  wall  thickness  of  0.3  inch  was  used  for  the  2, 5Cu-/^ i  stress  level, 
whereas  the  thicknesses  ranged  up  to  one  inch  for  th>.  !0,000-psi  stress 
level.  The  details  of  the  instrumentation  are  discussed  in  a  later 
section.  Figure  3.2  shows  the  dimensions  of  the  rings,  the  pressure 
ranges  in  which  they  were  used,  the  theoretical  radial  strain  of  the  soil 
per  psi  of  radial  stress,  and  the  number  of  microinches  output  per  psi  of 
radial  stress,  as  determined  by  calibration. 

Figure  3.3  is  a  schematic  of  the  equipment  that  was  used  to 
calibrate  the  confining  rings.  The  equipment  consists  essentially  of  a 
base  and  an  upper  cap  having  a  chamber  with  a  diameter  equal  to  that  of 
the  inside  diameter  of  the  ring.  The  ring  was  inserted  between  the  upper 
and  lower  parts  and  a  clearance  was  maintained  between  them.  The  clearance 
was  just  sufficient  for  the  ring  to  exp •■»!*, d  radially  without  inducing 
frictional  forces  against  the  upper  and  lower  parts  of  the  calibration 
device.  A  rubber  diaphragm  was  used  to  contain  the  hydraulic  fluid  and 
prevent  it  from  leaking  out  from  between  the  clearances.  Calibrations 
were  carried  out  by  inducing  a  pressure  in  the  hydraulic  fluid  which 
was  recorded  by  a  calibrated  Bourdon  gage.  The  output  of  the  SR-4 
gages  was  monitored  with  an  SR-4  indicator;  the  calibrations  were  linear. 
Rapid  Loading  Hachine 

It  was  found  convenient  to  use  hydraulic  loading  equipment  for 
rise  times  in  excess  of  35  milliseconds.  To  distinguish  this  from  the 
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dynamic  loading  equipment  that  is  described  in  the  following  section,  the 
hydraulic  machine  has  been  denoted  as  the  "rapid- loading  machine."  The 
schematic  of  the  rapid- loading  machine  is  shown  on  Fig.  3.4;  it  is 
essentially  a  hydraulic  ram  mounted  in  a  frame.  The  load  is  applied  to 
the  soil  specimen  by  vigorously  operating  a  three-way  lever  valve  that 
connects  the  hydraulic  ram  to  a  reservoir  of  oil  subjected  to  high  pressure 
from  a  pneumatic  source. 

As  shown  in  Fig.  3.4  the  pressure  source  is  commercial  nitrogen 
that  is  connected  to  a  pressure  manifold.  Gas  from  the  pressure  manifold 
is  supplied  to  the  pneumatic  contro'  panel.  The  pneumatic  controls  are 
divided  into  two  ranges,  one  for  high  pressure  and  one  for  low  pressure. 

The  controlled  nitrogen  pressure  is  then  supplied  to  a  transfer  barrier 
in  which  the  nitrogen  pressure  is  converted  to  oil  pressure.  No  pressure 
loss  occurs  in  the  transfer  barrier  because  the  nitrogen  is  enclosed  in 
a  neoprene  bag.  This  also  is  a  safety  precaution.  The  oil  from  the 
transfer  barrier  is  connected  to  the  hydraulic  ram  after  passing  through 
a  solenoid- ope rated  valve  and  a  three-way  manual  valve.  An  oil  reservoir 
is  shown  connected  to  the  third  position  of  the  three-way  valve  and  to 
the  outlet  of  the  solenoid-operated  valve.  Oil  may  be  exhausted  from 
the  ram  into  the  reservoir,  or  in  reverse,  oil  may  be  supplied  from  the 
reservoir  to  either  the  transfer  barrier  or  to  the  ram.  The  solenoid- 
operated  valve  is  a  safety  precaution;  a  microswitch  placed  above  the 
ram  causes  the  solenoid-operated  valve  to  close  when  the  switch  contacts 
the  ram,  thereby  preventing  further  ram  motion.  The  essential  feature 
of  the  three-way  valve  is  that  it  has  relatively  large  port  openings, 
but  may  be  easily  operated  by  a  45-degree  movement  of  the  lever,  even 
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under  a  30,000-psi  pressure.  The  solenoid- ope rated  valve  also  has  a 
relatively  large  port,  and  when  coupled  with  the  1/2-inch  extra-heavy 
pipe  this  allows  a  relatively  unobstructed  flow  of  the  hydraulic  fluid 
and  a  rapid  application  of  the  load  by  the  hydraulic  ram. 

The  operation  of  the  machine  proceeds  as  follows:  the  three- 
way  valve  is  placed  in  the  off  position  and  a  nitrogen  pressure  sufficient 
to  produce  the  desired  load  in  the  hydraulic  ram  is  introduced  into  the 
transfer  barrier.  When  the  three-way  valve  is  moved  to  the  position 
connecting  the  transfer  barrier  to  the  hydraulic  ram,  the  load  is  applied. 
The  third  valve  position  connects  the  ram  to  the  oil  reservoir.  Oil  from 
the  ram  may  then  escape  into  the  reservoir,  thereby  providing  a  decay  of 
the  load.  The  ram  has  a  diameter  of  8  1/2  inches  for  which  a  pressure  of 
2,210  psi  is  required  to  produce  a  load  of  125.6  kips  which  is  equal  to 
10,000  psi  on  the  soil  specimen.  This  is  essentially  the  upper  limit  of 
the  equipment  because  commercial  nitrogen  is  normally  supplied  at  a 
guaranteed  minimum  pressure  of  2,300  psi. 

Figure  3.5  shows  an  example  of  test  data  obtained  in  the  rapid 
test  machine.  The  axial  and  radial  stresses  and  the  axial  strain  are 
shown  plotted  against  time  for  Test  No.  13.  The  initial  portion  of  the 
axial  stress-time  diagram  is  concave  upwards  for  which  approximately 
30  percent  of  the  rise  time  is  required  to  apply  10  percent  of  the  load. 
Beyond  the  early  portion  of  the  curve  the  load  time  relationship  is 
essentially  linear  to  within  10  percent  of  the  first  peak.  For  the  first 
peak  an  overshoot  of  approximately  9  percent  of  the  steady-state  stress 
level  occurs.  The  radial  stresses  are  essentially  in  phase  with  the 
axial  stresses,  but  the  stress  oscillations  are  damped  considerably. 
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The  axial  strain-time  relationship  is  not  in  phase  with  the  stress 
relationships,  indicating  that  some  strain  rate  effects  are  present. 

The  peak  strain  lags  slightly  behind  the  peak  stress,  but  after  the 
peak  strain  is  reached  there  is  essentially  no  increase  in  strain  with 
time.  The  traces  on  Fig.  3.5  are  taken  directly  from  an  FM  tape  recording 
made  with  equipment  having  a  frequency  response  of  10,000  cycles  per 
second.  The  characteristics  of  the  recording  equipment  will  be  described 
in  a  following  section. 

Dynamic  Loading  Machine 

The  essential  feature  of  the  dynamic  loader  is  the  mechanism 
that  produces  the  dynamic  load.  It  is  a  pneumatic  valve  that  will  release 
gas  at  1,000  psi  from  a  reservoir  in  times  approaching  2  milliseconds. 

2 

The  details  of  the  pneumatic  loader  are  given  by  Sinnamon  and  McVinnie  . 
Figure  3.6  is  a  schematic  of  the  dynamic  loading  machine.  The  equipment 
shown  on  the  lower  portion  of  the  schematic  is  the  auxiliary  equipment 
designed  especially  for  this  project.  Essentially,  the  pneumatic  valve 
supplies  a  gas  pressure  which  is  collected  on  top  of  a  control  piston 
within  an  expansion  chamber.  The  load  applied  on  the  control  piston  is 
carried  through  the  load  cell  to  the  soil  specimen.  The  entire  machine 
is  mounted  in  a  reaction  frame  which  is  not  shown  on  the  schematic. 

The  operation  of  the  machine  is  initiated  by  placing  the  main 
valve  in  the  closed  position.  The  chamber  is  then  charged  with  nitrogen 
to  a  pre-determined  pressure  level.  A  charge  pressure  as  high  as  1,000 
psi  may  be  used.  The  valve  is  operated  by  a  trigger  assembly,  which 
in  itself  is  a  pneumatic  loading  device.  A  pressure  of  400  psi  is 
introduced  into  the  trigger  assembly;  the  trigger  assembly  is  connected 
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to  the  rod  that  operates  the  main  valve.  A  mechanical  device  holds  the 
main  piston  in  the  off  position.  To  fire  the  machine  a  solenoid- ope rated 
device  is  used  to  electrically  trip  the  mechanical  stop  holding  the  main 
piston  in  the  off  position.  The  gas  in  the  trigger  assembly  chamber  then 
moves  the  psiton  at  a  very  high  speed,  on  the  order  of  400  inches  per 
second,  which  in  turn  rapidly  opens  the  main  valve  and  allows  the  gas  to 
expand  into  the  expansion  chamber.  A  feature  of  the  pneumatic  valve  is 
that  the  main  piston  travels  a  distance  sufficient  to  achieve  a  very  high 
speed  before  the  valve  ports  begin  to  open.  The  rise  time  is  adjusted 
by  controlling  the  size  of  the  ports  on  the  main  valve.  The  decay  time 
is  controlled  by  adjusting  the  port  size  on  the  decay  valves.  Because 
the  entire  system  is  enclosed,  and  is  controlled  by  valves,  the  machine 
is  capable  of  holding  a  constant  load  (dwell).  Over  long  periods  of 
time  the  increase  in  the  temperature  of  the  gas  accompanying  the  expansion 
will  cause  an  increase  in  load  with  time.  This  is  not  significant  except 
for  dwel 1-times  exceeding  several  seconds. 

Figure  3.7  shows  test  data  obtained  in  the  dynamic  loading 
machine;  the  axial  and  radial  stresses  and  the  axial  strains  have  been 
plotted  versus  time  for  Test  No.  2.  In  this  test  the  steady  state 
pressure  during  the  dwell  portion  was  8,700  psi  whereas  the  initial  peak 
was  at  9,350  psi.  Thus  an  overshoot  of  less  than  10  percent  of  the  steady 
state  stress  was  observed;  however,  the  percentage  of  overshoot  increases 
as  the  pressure  level  decreases.  For  example,  in  Test  No.  6  an  overshoot 
of  approximately  291  percent  of  the  steady  state  stress  was  observed. 
Generally  the  radial  stress  lags  the  axial  stress  by  approximately 
0.1  millisecond  and  the  oscillations  are  damped  considerably.  The  axial 
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to  the  rod  that  operates  the  main  valve.  A  mechanical  device  holds  the 
main  piston  in  the  off  position.  To  fire  the  machine  a  solenoid-operated 
device  is  used  to  electrically  trip  the  mechanical  stop  holding  the  main 
piston  in  the  off  position.  The  gas  in  the  trigger  assembly  chamber  then 
moves  the  psiton  at  a  very  high  speed,  on  the  order  of  400  inches  per 
second,  which  in  turn  rapidly  opens  the  main  valve  and  allows  the  gas  to 
expand  into  the  expansion  chamber.  A  feature  of  the  pneumatic  valve  is 
that  the  main  piston  travels  a  distance  sufficient  to  achieve  a  very  high 
speed  before  the  valve  ports  begin  to  open.  The  rise  time  is  adjusted 
by  controlling  the  size  of  the  ports  on  the  main  valve.  The  decay  time 
is  controlled  by  adjusting  the  port  size  on  the  decay  valves.  Because 
the  entire  system  is  enclosed,  and  is  controlled  by  valves,  the  machine 
is  capable  of  holding  a  constant  load  (dwell).  Over  long  periods  of 
time  the  increase  in  the  temperature  of  the  gas  accompanying  the  expansion 
will  cause  an  increase  in  load  with  time.  This  is  not  significant  except 
for  dwell-times  exceeding  several  seconds. 

Figure  3.7  shows  test  data  obtained  in  the  dynamic  loading 
machine;  the  axial  and  radial  stresses  and  the  axial  strains  have  been 
plotted  versus  time  for  Test  No.  2.  In  this  test  the  steady  state 
pressure  during  the  dwell  portion  was  8,700  psi  whereas  the  initial  peak 
was  at  9,350  psi.  Thus  an  overshoot  of  less  than  10  percent  of  the  steady 
state  stress  was  observed;  however,  the  percentage  of  overshoot  increases 
as  the  pressure  level  decreases.  For  example,  in  Test  No.  6  an  overshoot 
of  approximately  291  percent  of  the  steady  state  stress  was  observed. 
Generally  the  radial  stress  lags  the  axial  stress  by  approximately 
0.1  millisecond  and  the  oscillations  are  damped  considerably.  The  axial 
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strains  tend  to  iag  the  axial  stress  somewhat;  they  reach  their  maximum 
value  a  few  milliseconds  after  the  application  of  the  initial  peak  stress. 
Afterwards,  there  is  essentially  no  increase  in  strain  with  time  while 
the  steady  state  stress  is  applied. 

The  operating  characteristics  of  the  machine  are  such  that  an 
initial  stress  peak  tends  to  occur  within  three  milliseconds  regardless 
of  the  time  at  which  the  peak  stress  is  obtained.  This  is  believed  to  be 
due  primarily  to  the  physical  characteristics  of  the  reaction  frame,  and 
to  a  certain  extent,  the  control  piston  that  collects  the  gas  from  the 
pneumatic  valve.  Therefore,  a  load  time  relationship  uninterrupted  by  an 
oscillation  before  the  peak  stress  is  obtained  requires  that  the  rise  time 
be  less  than  approximately  4  milliseconds.  These  operating  characteristics 
could  be  changed  by  a  change  in  the  mounting  system.  Figure  3.7  is  an 
example  of  dynamic  test  data  showing  a  stress  oscillation  before  the 
initial  peak  stress  has  been  observed. 

Instrumentation 

The  confining  ring  and  the  load  cell  were  instrumented  with 
SR-4  gages  connected  in  a  standard  four  arm  bridge.  The  strains  were 
measured  with  a  linear  variable  differential  transformer  (LVDT' .  These 
sensors  were  monitored  with  a  CEC  type  5- l 24  oscillograph  and  a 
Minneapol i s-Honeywel I  model  8100  FM  tape  recording  system.  The  amplifiers 
used  to  drive  the  equipment  were  in  a  CEC  type  1*127  20-kc  4-channel 
carrier  amplifier  system;  the  output  of  the  system  was  used  to  drive  the 
oscillograph  directly.  The  output  from  the  CEC  carrier  system  was  also 
carried  through  a  model  2000  Dana  0C  amplifier  to  provide  a  signal  for 
the  FH  tape  system.  CEC  type  7-363  galvanometers  (1000  cycle  response) 
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were  used  throughout  the  testinq  program:  a  paper  speed  of  1/fi  inches 
per  second  was  used  for  the  dynamic  tests,  whereas  a  speed  of  60  inches 
per  second  was  used  for  the  rapid  tests.  A  timing  signal  of  BOO  cycles 
per  second  was  used  on  the  oscillograph,  whereas  a  10-kc  signal  was  used 
for  the  tape  system. 

Figure  3.8  is  a  schematic  of  the  electrical  hookup  for  the  SR-4 
gages  on  the  confining  ring.  Four  active  gages  were  mounted  on  the 
periphery  of  the  confining  ring  at  90-degree  intervals.  They  record 
circumferential  strains.  Unstressed  external  dummy  gages  are  used  to 
complete  the  four-arm  bridge. 

Figures  3.9  and  3.10  present  schematics  of  the  SR-4  gage  hookup 
for  the  load  cells  used  in  the  rapid  and  dynamic  machines,  respectively. 
Different  load  cells  were  used,  according  to  the  required  load,  in  order 
to  provide  maximum  sensitivity  at  the  low  stress  levels.  The  hookup  was 
a  standard  four  arm  bridge.  The  tables  on  Figs.  3.9  and  3.10  list  the 
load  cell  capacities  and  the  sensitivities  in  terms  of  stress  on  the  soil 
specimen  per  microinch  of  output  on  the  recorder. 

A  Schaevitz  model  No.  040  MS-L  LVDT  with  a  linear  range  of  plus 
or  minus  0.020  inch  was  used  to  monitor  the  strains.  Figure  3.11  is  a 
schematic  of  the  micrometer  depth  gage  system  that  was  used  to  calibrate 
the  core  movement  of  the  LVDT.  An  electrical  null  position  was  found 
before  calibration  of  the  LVDT.  The  LVDT  was  calibrated  by  moving  the 
LVDT  core  both  up  and  down  from  the  null  position  in  increments  of  0.020 
inch  as  determined  from  the  micrometer.  For  slow  tests  in  the  rapid 
test  machine  it  is  possible  to  use  dial  indicators  to  monitor  the  deflection 
as  shown  on  Fig.  3.11. 
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1.3  TEST  PROCEDURES 


The  Goose  Lake  Clay  was  stored  in  a  covered  33-gallon  gal¬ 
vanized  can  at  room  temperature.  The  water  content  of  the  soil  before 
sample  preparation  was  approximately  one  percent.  Batches  of  1000  gms. 
of  soil  plus  105  ml.  of  water  were  hand  mixed,  placed  in  sealed  glass 
containers,  and  stored  for  twenty-four  hours  «.o  allow  the  molding  water 
to  distribute  itself  equally  throughout  the  soil.  Two  test  specimens 
could  be  compacted  from  each  batch. 

Before  compaction,  the  empty  consolidation  ring  was  weighed  to 
the  nearest  gram  and  the  combined  height  of  the  base  plate  and  piston 
measured  with  a  dial-comparator  device.  After  storage  the  soil  was 
spooned  into  the  instrumented  consolidation  ring  which  was  held  in  a 
clamping  device,  designed  specifically  for  the  large  diameter  consolidation 
rings  (Fig.  3.12).  The  soil  was  compacted  in  two  layers,  each  layer 
receiving  twenty-two  evenly  distributed  blows  from  a  5.5  lb.  hammer 
falling  twelve  inches.  The  top  of  the  bottom  layer  was  scarified  to 
ensure  a  bond  between  it  and  the  top  layer.  Before  the  soil  for  the 
bottom  and  top  layer  were  placed  in  the  ring,  small  representative 
samples  were  taken  for  water-content  determinations.  After  compacting 
the  top  layer,  a  steel  disc  having  a  diameter  slightly  less  than  four 
inches  was  set  in  the  collar  and  held  in  position  as  the  collar  was 
lifted  off;  this  prevented  removing  some  of  the  compacted  soil  as  the 
collar  was  removed.  The  soil  was  then  trimmed  to  the  top  of  the 
consolidation  ring  with  a  laboratory  knife  and  steel  straight  edge. 

After  all  loose  soil  was  cleaned  from  the  outside  of  the  ring,  the  ring 
and  specimen  were  weighed  to  the  nearest  gram.  The  compacted  specimen, 
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base  plate,  piston,  and  lucite  guide  were  assembled  and  set  in  the  dial- 
comparator  device  to  determine  the  combined  height  of  the  base  plate, 
specimen  and  piston.  The  specimen  height  was  determined  to  the  nearest 
0.001  inch  by  subtracting  the  initial  dial-comparator  reading  from  the 
final  reading.  It  should  be  noted  that  the  soil  used  in  these  tests  was 
used  only  once,  i.e.,  test  specimens  were  not  dried  and  ground  for 
subsequent  use. 

After  testing,  the  assembly  was  set  In  the  dial-comparator  to 
determine  the  change  specimen  height.  The  specimen  was  extruded  from 

the  ring,  placed  in  a  container,  weighed,  and  oven-dried  at  I I0°C  for 

twenty-four  hours  to  determine  the  as-tested  water  contents.  Table  3.1 
lists  the  initial  dry  density,  water  content,  void  ratio,  and  degree  of 
saturation  for  each  of  the  24  test  specimens.  The  mean  value  of  the 
initial  dry  densities  was  121. I  pcf  with  a  standard  deviation  of  0.87  pcf. 
Similarly,  the  initial  water  contents  averaged  11.57  percent  with  a 
standard  deviation  of  0.30  percent;  this  amounts  to  97.3  percent  of  the 
modified  Proctor  density.  It  should  be  noted  that  the  density  control 
maintained  in  this  program  exceeds  that  normally  achieved  in  soil 
compaction  research. 

After  preparation  the  soil  specimen  assembly  was  placed  in  the 
testing  machine.  In  the  dynamic  loading  machine  a  seating  stress  on  the 

order  of  135  p|i  was  required  to  ensure  that  a  compressive  stress  was 

always  on  the  test  specimen.  Referring  to  Fig.  3.6  it  is  seen  that  the 
upward  motion  of  the  main  piston  increases  the  volume  of  the  expansion 
chamber.  This  will  cause  a  vacuum  which  can  produce  an  upward  motion  of 
the  piston  immediately  upon  opening  of  the  valve.  A  pressure  of  12  psi 
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was  introduced  into  the  expansion  chamber  to  prevent  an  upward  motion. 

After  application  of  the  preload  the  LVDT  core  was  put  in  the  null 
position  and  its  movement  calibrated  as  mentioned  in  section  3.2  on 
instrumentation.  Electrical  calibration  steps  were  used  to  simulate 
the  effects  of  strain  for  both  the  load  cell  and  confining  ring.  Generally, 
four  or  five  calibration  steps  were  used. 

The  actual  test  was  performed  by  charging  the  chamber  in  the 
pneumatic  valve  with  nitrogen  to  the  pressure  that  would  produce  the 
desired  steady  state  stress  on  the  soil  specimen.  A  timing  device  was 
utilized  to  delay  the  firing  of  the  valve  assembly  0.4  second  until  the 
recording  equipment  had  an  opportunity  to  attain  its  operating  speed. 

A  second  timing  unit  was  employed  to  trip  the  decay  valve  after  the 
steady  state  stress  had  been  applied  for  a  designated  period  of  time. 

A  third  timing  device  was  used  to  turn  off  the  recording  equipment.  After 
the  test  the  oscillograph  trace  was  developed  by  exposing  it  to  light;  the 
results  were  inspected  to  be  sure  that  all  recording  systems  had  performed 
satisfactori ly. 

In  the  rapid  test  machine  the  test  procedure  was  essentially 
the  same  as  for  the  dynamic  machine,  except  that  a  preload  on  the  order 
of  10  psi  was  applied.  The  instrumentation  was  precisely  the  same,  but 
the  operation  of  the  machine  was  manual  and  was  not  programmed  electrically 
as  was  the  dynamic  machine.  The  loading  operation  was  carried  out  bv 
placing  the  three-way  valve  in  the  off  position  and  then  charging  the 
transfer  barrier  with  a  predetermined  nitrogen  pressure.  The  three-way 
valve  was  then  opened  vigorously  to  apply  the  load  to  the  hydraulic  ram. 
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By  vigorously  reversing  the  position  of  the  three-way  valve  it  was 
placed  in  the  exhaust  position  and  the  load  was  decayed. 

Figure  3.53  shows  a  photo  of  the  confining  ring  assembly.  Close- 
ups  of  the  confining  ring  assembly  in  the  rapid  and  dynamic  loading  machine 
are  shown  on  Fig.  3.14  and  3.15  respectively.  Photographs  of  the  rapid 
and  dynamic  machines  are  shown  ir,  Figs.  3.16  and  3.17  respectively. 

in  general  it  is  believed  that  the  accuracy  of  the  measurements, 
and  other  factors  associated  with  the  measurements,  are  within  the  five- 
percent  limits  usually  considered  adequate  for  dynamic  testing.  Because 
of  the  initial  strain  due  to  the  preload  in  the  dynamic  testing  machine, 
the  recorded  strains  are  not  the  total  strains,  but  are  those  relative 
to  the  preload.  Fortunately,  the  preioad  was  constant  for  all  tests.  A 
strain  of  approximately  one  percent  occurred  under  the  preioad  stress; 
this  fact  must  be  considered  when  comparing  .he  dynamic  tests  to  the 
rapid  tests  for  which  the  preload  stress  and  strain  were  negligible. 

The  initial  height  of  the  specimen  was  determined  within  plus 
or  minus  0.0005  inch  with  the  dial-comparator.  The  LVDT  measurements  are 
believed  to  be  accurate  within  plus  or  minus  0.001  inch.  Because  of  the 
many  calibration  steps  that  were  used  on  the  LV0T,  and  considering  the 
possible  electrical  and  mechanical  errors,  the  total  error  involved  in 
the  strain  measurement  is  likely  to  be  on  the  order  of  plus  or  minus  two 
percent  of  the  peak  strain.  A  large  signal  was  available  from  the  load 
cells,  and  it  is  believed  that  the  load  measurements  are  accurate  within 
plus  or  minus  one  percent  of  the  peak  load.  The  ring,  however,  was 
purposely  limited  in  strain  so  that  only  a  sufficient  signal  for  accurate 
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recording  was  obtained.  The  measurements  on  the  ring  are  believed  to 
be  accurate  within  plus  or  minus  two  percent. 

A  possibility  of  error  exists  for  the  seating  of  the  base  plate 
and  the  piston  onto  the  soil  specimen.  In  the  preparation  of  the  soil 
specimens  the  lower  face  of  the  soil  was  in  contact  with  the  ground  steel 
base  plate.  The  upper  surface  was  smoothed  with  a  straight  edge. 
Considering  these  sources,  it  is  not  likely  that  a  seating  error  of  more 
than  0.002  inch  is  involved. 

Because  of  the  friction  of  the  soil  on  the  sides  of  the  confining 
ring  some  of  the  load  is  carried  through  the  ring  to  the  base.  For  this 
reason  a  very  light  coat  of  lubricant  was  applied  to  the  inside  of  the 
confining  rings  before  the  soil  was  placed  in  it.  Another  possible  loss 
of  load  occurs  if  the  piston  binds  when  entering  the  ring.  It  was 
observed,  however,  that  the  piston  did  not  bind  in  the  ring  because  at 
high  pressures  a  very  thin  film  of  soil  was  observed  extruding  around  the 
entire  piston.  The  magnitude  of  the  friction  loss  is  one  of  the  factors 
that  entered  into  the  design  of  the  test  assembly.  To  keep  the  effects 
of  ring  wall  friction  to  a  minimum,  it  is  desirable  to  have  the  diameter 
of  the  soil  specimen  very  large  with  respect  to  the  height  of  the  soil 
specimen.  Iri  fact,  the  thickness  should  be  zero  for  the  optimum  effect. 

By  contrast,  the  thickness  of  the  specimen  should  be  very  great  to  decrease 
the  importance  of  seating  errors.  Because  artificial  samples  were  used, 
and  because  their  surfaces  could  be  trimmed  accurately,  the  seating  error 
was  given  relatively  little  weight  in  the  choice  of  the  ring  height- 
diameter  ratio.  It  was  desirable  to  have  a  sufficient  amount  of  sample 
thickness  so  that  an  accurate  measurement  of  total  deformation  could  be 
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the  specimen  to  four  inches  to  achieve  a  10,000-psi  pressure  with  the 

130-kip  load  that  is  available  in  the  dynamic  loading  machine.  A r.  estimate 

of  the  possible  ring  friction  error  involved  was  made  in  a  manner  similar 

3 

to  that  used  by  Taylor  ;  the  effect  is  believed  to  be  less  than  five  percent 
Another  source  of  error  may  occur  in  the  measurement  of  radial 
strains.  Because  the  ring  is  being  forced  downward  against  the  base  plate, 
and  at  the  same  time  is  straining  radially,  there  is  a  possibility  of 
friction  of  the  ring  on  the  base.  The  base  has  been  lubricated  to  keep 
this  effect  to  a  minimum.  The  error  involved  is  unknown,  but  it  is  not 


believed  to  be  significant  due  to  the  very  small  radial  strains  involved. 


3.4  BATA  REDUCTION 

The  FM  tape  records  shown  on  Figs.  3.5  and  3.7  are  typical  of 
those  obtained  throughout  the  testing  program.  Because  of  the  high-frequency 
response  of  the  tape  recording  system  (10,000  cps)  and  the  20-kc  carrier 
amplifier  system,  it  is  possible  to  see  the  large  number  of  minor 
oscillations  that  actually  occur.  By  contrast,  the  oscillograph  records 
were  smooth  curves  with  the  high-frequency  oscillations  effectively 
filtered  out  by  the  galvanometer.  In  order  to  select  data  from  the  FM 
tape  records  an  average  line  through  the  minor  oscillations  was  assumed. 

Generally  the  FM  tape  records  were  relied  on  for  the  data 
reported  herein.  With  the  tape  data  reduction  equipment  now  available  in 
the  Department  of  Civil  Engineering  at  the  University  of  Illinois;  it  is 
possible  to  plot  point  by  point  data  digitized  from  the  FM  tape;  the 
interval  of  time  between  the  points  may  be  made  as  small  as  desired. 
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Generally,  for  the  dynamic  tests,  the  first  15  milliseconds  of  the 
record  were  plotted;  this  was  divided  into  400  intervals  by  the 
automatic  data  reduction  equipment.  The  data  were  then  plotted,  along 
with  the  calibrations,  and  the  plotter  was  attenuated  so  that  the  traces 
were  to  a  convenient  scale  in  terms  of  psi  or  percent  strain.  This 
greatly  reduced  the  amount  of  labor  in  reducing  data  from  an  oscillograph 
record.  The  values  of  the  rise  times  and  the  peak  stresses  as  well  as 
the  total  time  for  the  test  were  checked  against  the  oscillograph  record 
for  consistency;  the  records  generally  were  in  agreement. 

The  magnification  of  the  early  portion  of  the  data  makes  it 
possible  to  study  the  soil  behavior  in  detail.  The  FM  tape  records  were 
also  educed  for  the  entire  length  of  the  test.  In  this  case  the  test, 

which  may  be  on  the  order  of  0.5  second  to  I  second  long,  was  divided 

into  400  intervals  and  the  points  were  plotted.  These  records  were  useful 
for  determining  the  length  of  the  dwell  time  and  also  gave  an  estimate  of 

the  decay  time;  the  value  of  the  steady  state  stress  was  also  obtained 

very  accurately.  The  reduced  FH  tape  records  represent  the  raw  data 
from  which  all  of  the  test  results  reported  herein  were  obtained.  It 
should  be  noted,  however,  that  on  the  axial  strain  record  a  correction 
was  made  for  the  machine  deflections.  This  correction  was  made  by 
attenuating  the  axial  strain  record  on  the  plotter  to  bring  the  peak 
value  of  the  axial  strain  to  the  value  determined  by  subtracting  the  machine 
deflection.  Therefore,  the  correction  applied  at  the  peak  strain  was 
applied  proportionately  throughout  the  record. 
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3.5  TEST  RESULTS 


The  reduced  daM  from  the  FM  tape  records  have  been  used  to 

obtain  the  data  plots  presented  in  Appendix  A.  Figures  A.l  -  A. 25  show 

the  axial  stress  plotted  versus  the  axial  strain;  Fig.  A.l  -  A.!2  are 

for  the  dynamic  tests,  Fig.  A. 13  -  A. 24  are  for  the  rapid  tests,  and 

Fig.  A. 25  is  for  the  static  test.  In  a  similar  manner  the  constrained 

secant  modulus,  M  ,  and  the  constrained  tangent  modulus,  M  ,  have  been 
c  s  c  t 

plotted  on  Figs.  A. 26  -  A. 50,  whereas  the  radial  stress  has  been  plotted 
versus  the  axial  stress  on  Figs.  A. 51  through  A. 75. 

In  Tables  3.2  and  3.3  a  summary  of  the  test  data  is  presented 
for  both  the  dynamic  tests  (Nos.  1-12)  and  the  rapid  tests  (Nos.  13-24). 

The  time  from  the  start  of  loading  to  the  first  stress  peak  (rise  time), 
the  time  between  the  first  stress  peak  and  the  beginning  of  unloading 
(dwell  time),  and  the  time  from  the  beginning  of  unloading  to  zero  load 
(decay  time)  have  been  tabulated;  the  sum  of  these  three  time  intervals 
equals  the  total  elapsed  time  for  the  test.  In  addition  the  axial  stress, 
axial  strain,  degree  of  saturation,  and  the  ratio  of  the  radial  stress  to 
the  axial  stress,  Kq,  have  been  tabulated  at  the  initial  peak  axial  stress. 
The  value  of  Kq  for  the  initial  part  of  the  test  has  been  tabulated 
along  with  the  stress  level  up  to  which  it  is  valid.  After  the  first 
fe.v  load  oscillations  the  axial  stress  and  strain  assume  essentially 
constant  values  (steady  state) ;  these  values  have  also  been  tabulated. 
Finally,  the  recorded  residual  strain  at  the  end  of  the  test  has  been 
tabulated.  The  residual  strain  determined  by  the  dial -comparator  did  not 
a9ree  with  that  determined  electrically  for  the  dynamic  tests  because  of 
the  strain  that  occurred  during  the  application  of  the  preload. 
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In  the  dynamic  stress-strain  plots  on  Figs.  A.1  -  A. 12  the 
dashed  line  from  the  origin  to  the  1 35— p s i  stress  level  indicates  the 
strain  that  occurred  under  the  preload  stress.  The  dynamic  data  are 
represented  by  a  solid  line  that  is  generally  concave  upwards.  At  a 
stress  level  of  4,000  psi  a  flattening  of  the  curve  is  detected  which  is 
caused  by  extrusion  of  the  soil  from  the  confining  ring.  After  reaching 
the  initial  stress  peak  several  oscillations  occur  which  are  not  shown. 

A  dashed  line  is  shown  from  the  initial  peak  stress  to  the  unload  portion 
of  the  stress-strain  relationship.  In  those  tests  wherein  significant 
extrusion  took  place  the  rebound  curve  has  been  omitted  becuase  it  has 
no  meaning.  The  same  procedures  have  been  used  in  Figs.  A. 13  -  A. 25 
except  that  the  stress  and  strain  under  the  seating  load  are  negligible 
and  have  been  ignored. 

On  Figs.  A. 26  -  A. 50  the  secant  modulus  has  been  taken  as  the 
stress  divided  by  the  corresponding  strain.  It  should  be  noted  that  for 
the  dynamic  tests  in  Figs. A. 26  -  A. 37  the  stress-strain  axes  have  been 
shifted  to  the  preload  position  because  only  the  dynamic  effects  were 
desired.  The  tangent  modulus  was  determined  as  the  slope  of  the  chord 
between  two  points  on  the  stress-strain  curve.  Data  points  were  not 
always  used  to  obtain  the  slope;  in  many  cases  the  modulus  was  taken  as 
the  slope  of  a  smooth  curve  fitted  through  the  data  points.  The  moduli 
have  been  presented  only  for  the  initial  loading  portion  of  the  stress- 
strain  curve. 

The  axial  stress-radial  stress  relationships  shown  on  Figs.  A. 51 
A. 62  for  the  dynamic  tests  again  refer  to  the  preload  stress  and  strain 
as  the  origin.  Curves  are  presented  for  the  initial  loading  and  for  the 
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unloading  portion  of  the  test.  In  many  cases  a  dashed  line  has  been 
used  to  connect  the  two  parts  to  indicate  that  several  load  oscillations 
occur  in  between.  For  the  tests  wherein  extrusion  occurred,  the  rebound 
curve  has  been  omitted  because  it  is  meaningless. 

3.0  SUMMARY  OF  TEST  RESULTS 

The  initial  loading  portion  of  the  stress  strain  curves  for  the 
dynamic  tests  have  been  summarized  on  Fig.  3.18.  If  the  soil  specimens 
had  been  absolutely  identical  and  if  the  testing  machine  had  performed  in 
the  same  manner  for  each  test,  then  all  the  curves  should  be  identical. 

In  an  attempt  to  determine  the  reason  for  the  relatively  wide  range  of 
strain  that  was  observed  at  high  pressures  the  initial  degree  of  saturation 
and  the  strain  rate  stand  out  as  the  prime  suspects.  No  definite  conclusions 
could  be  drawn  regarding  the  strain  rate,  but  in  general,  the  initial 
degree  of  saturation  was  higher  for  those  tests  in  which  a  high  modulus 
was  observed.  A  similar  study  has  been  made  of  the  rapid  test  data  on 
Fig.  3.19.  In  this  case  the  results  are  much  more  uniform  and  r,o 
correlation  could  be  made  with  either  degree  of  saturation  or  strain  rate. 

The  foregoing  data  have  been  compared  with  the  one-dimensional 
compression  tests  now  available  in  the  literature’  in  Fig.  3.20.  Tests 
Nos.  7  and  13  have  been  eliminated  becaus*  they  are  probably  not 
representative  of  the  remaining  tests.  It  is  seen  that  the  band  of  rapid 
test  data  falls  within  the  band  of  the  dynamic  test  data  but  is  offset  in 
the  direction  of  higher  strains.  The  results  of  the  static  tests  fall  to 
the  right  of  both  the  dynamic  and  the  rapid  tests.  It  should  be  noted 
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that  relatively  small  strains  were  observed  for  the  Goose  Lake  clay  in 
comparison  to  the  strains  observed  for  the  playa  silt  from  the  Nevada 
Test  Site. 

As  noted  on  the  stress  strain  curve  on  Figs.  A.l  -  A. 25  in 
Appendix  A,  the  unloading  portion  of  the  curve  is  very  steep  except  at 
stress  levels  below  a  few  hundred  psi.  Because  of  the  importance  of 
residual  strains  in  the  design  of  protective  construction,  an  a  cempt  was 
made  to  correlate  the  residual  strain  with  the  peak  axial  stress  that 
occurred  during  the  test.  This  plot  is  shown  on  Fig.  3.21;  if  the  axes 
were  rearranged,  it  is  essentially  a  stress  strain  curve  as  shown  for 
Test  Nos.  1  to  25.  For  stress  levels  below  approximately  1,000  psi  but 
greater  than  500  psi  a  residual  strain  on  the  order  of  3  percent  occurs. 

For  stress  levels  beyond  1,000  psi  but  less  than  approximately  10,000  psi 
the  residual  strain  is,  for  the  most  part,  between  3  percent  and  5  percent. 
In  terms  of  degree  of  saturation  a  strain  of  3  percent  amounts  to 
approximately  87  percent  saturation  whereas  a  strain  of  6  percent  is 
required  for  100  percent  saturation;  these  figures  are  based  on  the 
average  moisture  content  and  dry  density  for  the  test  series.  It  is 
significant  that  an  increase  in  the  stress  level  from  1,000  psi  to 
10,000  psi  will  cause  an  increase  of  approximately  50  percent  in  the 
residual  strain.  It  should  also  be  noted  that  there  is  essentially  no 
difference  between  the  dynamic  and  the  rapid  test  data.  As  noticed  on 
the  strain  versus  time  records  there  is  essentially  no  increase  in  strain 
with  respect  to  time  after  a  period  of  several  milliseconds  from  the  time 
the  peak  stress  was  applied.  For  this  reason  there  should  be  essentially 
no  difference  between  the  residual  strains  observed  for  the  static  and 
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the  dynamic  tests.  Note,  however,  that  the  residual  strain  from  the 
Static  test  is  more  than  twice  as  high  as  that  observed  in  the  rapid 
or  dynamic  tests.  This  test  was  performed  in  a  period  of  15  minutes  to 
30  minutes  and  there  was  time  for  drainage  (consolidation)  as  well  as 
some  extrusion  to  occur. 

Because  the  tangent  moduli  are  extremely  difficult  to  determine 
(in  that  they  depend  on  the  slope  of  the  stress  strain  diagram),  no 
attempt  has  been  made  to  correlate  them.  By  contrast,  the  secant  modulus 
is  not  as  sensitive  as  the  tangent  modulus  to  small  changes  in  the  stress 
strain  curve.  Figure  3.22  shows  the  zones  occupied  by  the  secant  moduli 
from  the  dynamic  and  the  rapid  tests.  Again  it  is  noted  that  the  rapid 

test  data  fall  within  the  zone  of  the  dynamic  test  data,  but  they 

generally  have  somewhat  lower  values.  In  the  stress  range  from  zero  to 
1,000  psi  the  secant  modulus  decreases  to  a  minimum  at  approximately  50  psi 
and  then  increases  in  a  nearly  linear  relat ionshi p  wi th  the  axial  stress 
level.  It  should  be  noted  that  if  the  data  were  to  be  used  to  predict 
ground  motions,  relatively  accurate  predictions  could  be  made  for  stress 
levels  beyond  1,000  psi,  but  for  stresses  below  1,000  psi  the  problem 
becomes  much  more  difficult. 

The  relationship  between  the  axial  stresses  and  radial  stresses 
have  been  summarized  in  Fig.  3.23  for  the  dynam.c  tests.  The  ratio  of 

the  radial  stress  to  the  axial  stress  has  been  defined  as  Kg',  it  varies 

from  0.4  at  the  low  stress  levels  to  unity  at  the  high  stress  levels. 

For  axial  stress  levels  beyond  approximately  1,500  psi  the  axial  stri  s- 
radial  stress  relationship  is  essentially  parallel  to  the  line  Kg  ■  I . 

At  the  lower  stress  levels,  below  1,500  psi,  the  soil  is  not  saturated 
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and  the  K^-value  is  less  than  unity.  However,  as  the  stress  level  is 
increased  the  additional  stresses  are  essentially  transmitted  to  the 
por<e  water;  this  stress  is  distributed  equally  in  all  directions  and 
accounts  for  the  fact  that  the  realtionship  becomes  parallel  to  the  line 
Kq  ■  1.  The  rapid  rest  data  are  shown  on  Fig.  3.24;  they  will  fall  within 
the  zone  for  the  dynamic  data.  For  practical  purposes,  when  dealing  with 
high  pressures,  the  value  of  Kq  may  be  assumed  equal  to  unity  although  a 
more  precise  value  may  be  on  the  order  of  0.9.  If  the  soil  were 
saturated  initially,  a  value  of  unity  would  be  appropriate  in  all  cases. 

It  should  be  noted  for  the  high  stress  levels,  when  the  applied  stress 
is  essentially  carried  by  the  pore  water,  that  the  rebound  relationship 
should  be  very  similar  to  that  for  the  loading.  The  test  data  presented 
in  Figs.  A. 51  to  A. 75  confirm  the  anticipated  behavior. 
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TABLE  3.1 


INITIAL  SPECIMEN  DATA 


Specific  gravity  of  soil  solids,  Ss>  equals  2.72 


Test  No. 

Dry  Density 
rdi ’  pcf 

Water  Content 
w. ,  % 

i 

Void  Ratio 

e. 

i 

Degree  of  Saturation 

S  .,  % 
r  i 

1 

122.9 

11.40 

0.381 

81.50 

2 

121.0 

1 1.39 

0.401 

77.40 

3 

121.0 

1 1 .80 

0.401 

80. 10 

4 

121.1 

11.53 

0.403 

78.30 

5 

Er 

11.52 

0.403 

78.00 

6 

10.92 

0.384 

77.50 

7 

H 

11.14 

0.398 

76.00 

8 

121.9 

11.51 

0.393 

78.90 

9 

122.2 

11.00 

0.384 

77.80 

10 

120.2 

11.69 

0.408 

75.50 

11 

121.4 

11.20 

0.396 

76.80 

12 

120.8 

12.01 

0.405 

80.80 

13 

1  IS  -  7 

12.09 

0.418 

78.60 

14 

121.0 

11.59 

0.401 

78.50 

15 

119.6 

11.68 

0.418 

76.00 

16 

121.1 

11.84 

0.398 

80.70 

17 

120.4 

11.70 

0.408 

77.90 

18 

121.4 

11.57 

0.386 

79.40 

19 

123.0 

11.42 

0.380 

82.40 

20 

121.0 

11.76 

0.401 

79.80 

21 

119.9 

1  1 .94 

0.416 

77.70 

22 

120.9 

1 1 .79 

0.405 

79.20 

23 

120.6 

11.49 

0.406 

76.80 

24 

120.9 

11.79 

0.405 

79.20 

121.1 

11.57 

Mean  Value 

0.87 

0.30 

Standard  Deviation 

5» 


SUMMARY  OF  DYNAMIC  TEST  DATA 
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SUMMARY  OF  RAPID  TEST  DATA 
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Dynamic  Load 


FIGURE  3.1.  ONE-DIMENSIONAL  TEST  REQUIREMENTS  . 


i 

Diameter  =  4  inches 

Bj 

| 

1 

Wo  II 

Thickness 


Maximum 


Ring 

Number 

Wall 

Thickness , 
inches 

Theoretical 

Strain 
fjL  in/in/psi 

Recorded 

External 

Strain 

in/in/jp>si 

Design 

Internal 

Pressure, 

psi 

1 

0.100 

0  6460 

1.281 

1,000 

2 

0.100 

0.6460 

1.300 

1,000 

3 

0.300 

0.2460 

0.416 

2,500 

4 

0300 

0.2460 

0.408 

2,500 

5 

0.500 

0.1620 

0.243 

5,000 

6 

0.500 

0.1620 

0.236 

5,000 

7 

1  000 

00965 

0.104 

10,000 

8 

1000 

00965 

0.1075 

10,000 

9 

1.000 

0.0965 

0.1088 

10,000 

FIGURE  3.2.  CONFINING  RING  DATA  . 
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FIGURE  3.3.  SCHEMATIC  OF  RING  CALIBRATOR  . 
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FIGURE  3.4.  SCHEMATIC  OF  RAPID  LOADING  MACHINE. 
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FIG.  3.5.  RAPID  TEST  DATA 
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FIG.  3.6.  SCHEMATIC  OF  DYNAMIC  LOADING  MACHINE 
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FIG.  3.7.  DYNAMIC  TEST  DATA 
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Confining  Ring 

3R-4  goges,  Baldwin  Type 

Resistance  120  ♦  o  2 
Goge  Factor  2  06 
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FIGURE  3.8.  INSTRUMENTATION  OF  CONFINING  RINGS 


CELL  NO 

Stress  on  Specimen 
psi  /  u  in. 

CAPACITY 

1 

Steel 

30  kips 

2 

Steel 

2.77 

90  kips 

3 

Steel 

7.55 

150  kips 

FIGURE  3.9.  INSTRUMENTATION  OF  LOAD  CELL  FOR 
RAPID  LOADING  MACHINE  . 
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Moteriol  Aluminum  Steel 

Gage  Type  (Budd)  CI2-I4I  C6-I4I 

Resistance  120  ♦  0.2  I20±0  2 

Gage  Factor  2.06  2.07 


CELL  NO 

MATERIAL 

o  i  nua  win 

SPECIMEN ,  ps[ 
u  in. 

CAPACITY 

4 

Aluminum  2024- 
T35I 

0.56 

30  Kips 

5 

Steel ,  T-l 

2.04 

150  Kips 

6 

Steel,  T-l 

3  72 

300  Kips 

FIGURE  3.10.  INSTRUMENTATION  OF  LOAD  CELL  FOR 

DYNAMIC  LOADING  MACHINE  . 
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FIGURE  3  11.  INSTRUMENTATION  FOR  AXIAL  STRAIN. 
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FIGURE  3.12.  SCHEMATIC  CROSS  SECTION  OF  RING  RETAINER  FOR  COMPACTION  OF 
ONE- DIMENSIONAL  TEST  SPECIMENS. 


FIGURE  3  13.  CONFINING  RING  ASSEMBLY. 
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FIGURE  3.14.  CONFINING  RING  ASSEMBLY  IN  RAPID  TEST 
MACHINE  . 


FIGURE  3.15.  CONFINING  RING  ASSEMBLY  IN  DYNAMIC  TEST 
MACHINE  . 
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FIGURE  3.16.  RAPID  TEST  MACHINE. 


FIGURE  3.17.  DYNAMIC  TEST  MACHINE  . 
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Axial  Stress  ,  o-  ,  psi. 


IN  ONE-DIMENSIONAL  COMPRESSION. 


Axial  Stress 


22,000 


20,000 


Sample- 

-  8-1 

-0 

Wj  - 

II  7 

% 

Sh  - 

32  3 

% 

y\  ~ 

97  0 

pcf 

- 

86.8 

pcf 

Ploya  Silt 


14,000 


Ploya  Silt  Dynamic 

I  i  I 


12,000 


10,000 


M 


4000 


Static 


Axial  Strain,  «  ,  in./in. 

FIG.  3.20  STRESS-STRAIN  CURVE  FOR  PLAYA  SILT  IN  ONE 
DIMENSIONAL  COMPRESSION. 
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Constrained  Modulus,  M  ,  1,000  psi 


Axial  Stress,  aQ,  psi 


FIGURE  3.22.  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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Radiol  Strtss 


FIGURE  3.23.  RELATIONSHIP  BETWEEN  AXIAL  AND  RADrAL  STRESS 

FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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Radial  Stress 
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FIGURE  3.24.  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 
FOR  GOOSE  LAKE  CLAY  IN  ONE-DIMENSIONAL 
COMPRESSION  . 
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CHAPTER  - 


DYNAMIC  TRIAXIAL  TESTS 


4.1  EQUIPMENT 
T  r i ax i a  1  Cell 

The  triaxial  cel)  was  designed  specifically  for  dynamic  triaxial 
tests  but  provisions  were  made  to  allow  the  performance  of  static  triaxial 
tests.  A  cross  section  through  the  cell  is  shown  in  Fig.  4.1. 

Since  most  of  the  specimens  were  to  be  subjected  to  the  cell 
pressure  for  very  short  periods  of  time,  it  was  possible  to  use  direct  gas 
pressure  for  confinement  of  the  sample  (see  section  4.3  on  gas  leakage 
through  the  membranes) .  Provisions  were  made  for  using  mercury  as  the  cell 
fluid  in  tests  where  the  sample  was  to  be  subjected  to  the  cell  pressure 
for  prolonged  periods  of  time.  Since  water  was  not  used  as  a  cell  fluid, 
corrosion  became  a  relatively  minor  problem  so  the  cell  was  made  of  steel. 
Steel  was  needed  to  provide  an  adequate  factor  of  safety  against  failure, 
the  consequences  of  failure  being  especially  severe  since  the  cell  was  to 
be  filled  with  gas.  Regular  steel  was  chosen  over  stainless  steel  as  an 
economic  expediency.  The  structural  members  of  the  cell  were  designed  for 
operating  pressures  of  2000  psi.  However,  the  seals  were  designed  for  only 
1500  psi  since  major  changes  in  seal  design  were  required  for  significantly 
higher  pressures. 

The  high  rates  of  movement  of  the  loading  piston  during  dynamic 
tests  dictated  the  use  of  Thomson  ball  bushings  where  the  leading  piston 
passes  through  the  top  of  the  cell.  These  bushings  can  withstand  relatively 

large  lateral  loads  during  dynamic  tests  without  developing  significant 
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amounts  of  piston  friction.  Two  Thomson  bushings  were  used  in  the  top  of 
the  cell  to  provide  adequate  resistance  to  lateral  forces.  A  0.750-inch- 
diameter  loading  piston  was  used  (Thomson  steel  shaft,  hardness  60C) .  A 
quad-ring  seal  was  used  beneath  the  lower  bushing  (Fig.  4.1).  Problems 
associated  with  the  starting  friction  of  the  seal  were  avoided  by  measuring 
the  axial  stress  in  the  soil  sample  with  an  interior  load  cell. 

The  load  cell  was  mounted  beneath  the  soil  sample  (Fig.  4.1).  The 
inside  of  the  load  cell  was  fitted  with  four  vertical  strain  gages  with 
opposite  gages  connected  in  series  to  reduce  the  effects  of  bending  moments. 
The  load  cell  was  designed  for  a  maximum  axial  force  of  7000  pounds.  The 
load  cell  was  calibrated  for  axial  loads  up  to  5300  pounds  using  a  Tinius 
Olsen  proving  ring.  The  calibration  curve  is  shown  in  Fig.  4.2 

The  signal  from  the  load  cell  was  amplified  and  recorded  on  an 
oscillograph  tape.  To  account  for  variable  amplification,  a  series  of 
resistors  were  inserted  into  the  circuit  at  the  time  of  calibration  and  the 
output  from  the  resistor  circuit  was  recorded  on  the  same  oscillograph  tape. 
The  output  from  the  resistors  could  then  be  read  off  the  load  calibration 
curve  as  equivalent  to  some  axial  load  on  the  load  cell.  A  series  of 
resistors  was  permanently  installed  in  the  instrumentation  system  and  was 
used  to  calibrate  the  oscillograph  tape  before  each  test.  The  four  resistors 
used  for  calibration  corresponded  to  axial  pressures  of  580,  977,  1951  and 
2995  psi  (see  Fig.  4.2)  . 

The  deformation  of  the  soil  sample  was  measured  with  a  CEC  LVDT 
having  a  travel  of  +3/4  inch  (Fig.  4.1).  The  coil  of  the  LVDT  was  mounted 
in  the  top  of  the  triaxial  cell.  The  core  was  attached  to  the  cross  arm, 
which,  in  turn,  was  rigidly  connected  to  the  loading  piston.  Thus  relative 


movements  btrveen  the  piston  and  the  top  01  the  cell  were  measured.  However, 
since  the  load  cell  was  relatively  incompressible,  the  LVDT  also  measured 
the  sample  deformation.  The  upper  end  of  the  LVDT  core  was  threaded  into 
the  cross  arm  thus  allowing  adjustment  of  the  core  prior  to  each  test.  The 
core  could  be  locked  in  place  by  a  set  screw. 

Calculations  indicated  that  the  deformations  of  the  original  cross 
arm,  which  was  a  3/8-inch  thick  steel  plate,  as  a  result  of  rapid  acceler¬ 
ations,  would  be  too  small  to  be  of  consequence.  Nevertheless,  in  all  the 
early  dynamic  tests,  the  oscillograph  records  indicated  that  the  sample 
started  taking  stress  before  there  was  any  detectable  deformation.  This 
implied  either  a  nearly  infinite  initial  tangent  modulus  for  the  soil,  or 
that  the  cross  arm  was  deforming  under  rapid  accelerations.  Difficulties 
were  also  experienced  in  keeping  the  cross  arm  securely  fixed  to  the  loading 
piston.  Hence,  a  much  thicker  aluminum  cross  arm  was  designed  with  tapered 
ends  (Fig.  4.1).  On  subsequent  tests  the  load  and  deformation  traces  started 
simultaneously. 

To  prevent  rotation  of  the  loading  piston,  the  side  of  the  cross 
arm  opposite  from  the  LVDT  mounting  was  equipped  with  a  nylon  guide  and 
allowed  to  slide  vertically  on  a  rigid  rod. 

Four  spacers,  with  lengths  of  3/8  inch,  3/4  inch,  1-1/8  inch,  and 
1-1/2  inch,  were  made  so  that  the  spacing  between  the  cross  arm  and  the  top 
of  the  cell  could  be  set  at  predetermined  values.  Prior  to  setting-up  each 
test,  the  LVDT  trace  on  the  oscillograph  tape  was  calibrated  by  inserting 
the  various  spacers  and  recording  the  output  from  the  LVDT.  Thus,  the 
deflections  of  the  LVDT  trace  for  known  deformations  could  be  measured  and 
the  appropriate  constant  (expressed  as  inches  of  sample  deformation  per  inch 
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of  trace  deflection)  could  be  determined.  Since  the  LVDT  calibration  curve 
was  nonlinear,  it  was  necessary  to  select  the  constant  to  represent  the 
range  in  deformation  experienced  by  the  sample. 

The  gas  pressure  in  the  cell  was  read  from  a  calibra.ed  Marsh 
8ourdon  gage  on  the  cell  pressure  panel  board  during  the  time  that  the 
cell  pressure  was  statically  maintained.  However,  it  seemed  wise  to  monitor 
the  cell  pressure  during  the  dynamic  tests.  Hence,  a  CEC  pressure  transducer 
with  a  capacity  of  1000  psi  was  mounted  in  the  base  of  the  triaxial  cell 
(Fig.  4.1).  This  transducer  was  calibrated  against  the  Bourdon  gages  and 
appropriate  resistors  were  inserted  into  the  instrumentation  circuits  so 
that  the  deflection  of  the  cell  pressure  trace  on  the  oscillograph  tape 
could  be  calibrated  prior  to  each  test. 

All  tests  performed  under  this  contract  were  of  the  unconsol idated- 
undrained  type  where  the  cell  pressure  was  applied  just  prior  to  the 
performance  of  the  test.  If  consol idated-undra i ned  tests  had  been  performed, 
it  would  have  been  necessary  to  apply  the  cell  pressure  for  extended  periods 
of  time  and  gas  leakage  through  the  rubber  membranes  would  have  been  a  very 
serious  problem.  For  such  tests,  the  apparatus  was  designed  to  allow 
mercury  to  be  used  as  a  cell  fluid.  A  cushion  of  several  inches  of  air 
would  be  left  above  the  mercury  to  provide  system  flexibility  for  dynamic 
tests. 

The  load  cell  was  fitted  with  a  solid  stainless  steel  cap  for  the 
unconso  1  i  dfl  t  pd-uncJra  i  ned  tests.  A  separate  cap  was  made  with  a  porous 
stone  and  provisions  for  the  insertion  of  drainage  lines,  to  allow  the 
sample  to  consolidate  for  consol i dated-undra i ned  tests. 
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Cel  1  Pressure  Panel  Board 

The  cell  pressure  was  supplied  from  nitrogen  bottles  using  a 
panel  board  to  measure  and  regulate  the  pressure.  A  circuit  diagram  for 
the  panel  board  is  shown  in  Fig.  4.3.  In  order  to  provide  adequate  pressure 
capacity  with  accuracy  in  the  low  pressure  range,  the  panel  board  was 
equipped  with  three  Bourdon  gages  with  capacities  of  100  psi,  600  psi  and 
3000  psi.  The  nitrogen  pressure  was  regulated  with  a  Hoke  No.  920  A  01 
regulator  for  higher  pressures  and  a  Conoflow  model  H-10  regulator  for 
pressures  less  than  about  125  psi.  The  Marsh  gages  were  calibrated  and 
found  to  be  accurate  within  1  percent;  hence,  the  gage  readings  were  used 
without  correction. 

Loading  Press 

The  characteristics  that  were  considered  desirable  in  the  loading 
press  included  (l)  adequate  capacity  to  shear  1.5-inch  diameter  samples  at 
cell  pressures  of  at  least  2000  psi,  (2)  ability  to  shear  3- inch  high  samples 
to  failure  at  relatively  constant  rates  of  strain  in  up  to  two  minutes,  and 
(3)  ability  to  apply  stresses  to  soil  samples  dynamically,  hold  the  stress 
for  a  predetermined  period  of  time,  and  decay  the  stress.  The  loading  press 
de  eloped  during  this  contract  rnet  all  of  these  characteristics. 

The  general  layout  of  the  press  is  shown  in  Fig.  4.4.  The  press 
is  approximately  7  feet  tall  and  30  inches  wide.  The  various  parts  of  the 
press  are  held  in  position  by  two  2-inch  diameter  steel  posts  (item  7, 

Fig.  4.4)  which  also  withstand  the  force  applied  by  the  press.  The  posts 
are  connected  to  a  heavy  base  assembly  (item  14,  Fig.  4.4)  which  rests 
directly  on  the  floor.  The  triaxial  cell  rests  on  this  base  plate.  The 
cell  is  precisely  centered  through  use  of  a  steel  guide,  (item  13,  Fig.  4.4) 
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which  is  permanently  attached  to  the  base  plate.  The  loading  machine 
(item  8,  Fig.  4.4)  is  suspended  from  a  frame  (items  4  and  6,  Fig.  4.4) 
connected  to  a  cross  head  (item  I,  Fig.  4.4)  via  a  screw  jack  (item  2, 

Fig.  4.4)  .  The  jack  is  used  to  raise  or  lower  the  frame  and  thus  raise 
and  lower  the  loading  machine.  To  provide  adequate  rigidity  during  a  test, 
the  loading  machine  is  welded  to  a  heavy  cross  arm  (item  10,  Fig.  4.4) 
which  slides  vertically  on  the  two  posts  and  which  can  be  tightly  clamped 
to  the  two  posts  This  cross  arm  also  acts  as  a  guide  to  .enter  the  load¬ 
ing  machine.  Thus,  in  operation,  the  cross  arm  connected  directly  to  the 
loading  machine  is  undamped,  the  screw  jack  is  used  to  position  the  loading 
machine,  and  then  the  cross  arm  is  reclamped  to  the  posts. 

The  essential  p< rt  of  the  loading  press  is  the  "loading  machine" 
(item  8,  Fig.  4.4),  which  operates  hydraulically.  The  hydraulic  system  is 
shown,  schematically,  in  Fig.  4.5.  The  soil  samples  are  loaded  by  applying 
a  pressure  to  the  "main  piston"  of  the  loading  machine  (Fig.  4.5)  and 
forcing  this  piston  to  move  downward.  There  are  two  modes  of  operation 
depending  on  whether  high  or  low  loading  rates  are  desired.  For  the  fastest 
loading  rates,  the  loading  machine  is  operated  in  the  following  manner:  The 
oil  beneath  the  main  piston  (Fig.  4.5)  is  exhausted  into  the  "upper  oil 
container"  (Fig.  4.5)  so  that  the  space  beneath  the  main  piston  is  occupied 
only  by  air.  The  main  piston  is  raised  to  near  the  upper  extremity  of  its 
travel  and  the  main  valve  is  lowered  to  the  position  shown  in  Fig.  4.5.  A 
mechanical  force  (the  trigger  mechanism)  is  applied  to  the  top  of  the  main 
valve  to  hold  it  in  place.  The  decay  valve  is  also  closed.  Nitrogen  is 
then  let  into  the  main  chamber  until  some  predetermined  pressure  is  attained. 
This  pressure  is  unable  to  act  on  the  main  piston  since  the  main  valve  is 
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closed.  The  nitrogen  pressure  acts  through  the  "Auxiliary  Port"  (Fig.  4.5) 
and  applies  an  upwards  force  on  the  main  valve,  movement  of  which  is 
resisted  by  the  trigger.  When  the  trigger  is  released,  the  chamber  pressure, 
acting  through  the  auxiliary  port,  drives  the  main  valve  upwards  and  opens 
the  main  ports.  The  main  valve  accelerates  to  a  velocity  of  about  400 
inches  per  second  within  about  0.5  inch  of  travel  and  has  attained  this 
terminal  velocity  before  the  main  ports  start  to  open.  Thus,  the  main  ports 
open  very  rapidly.  The  nitrogen  from  the  main  chamber  rushes  through  the 
main  ports  and  applies  a  pressure  to  the  main  piston  which  moves  downwards 
to  load  the  sample.  By  using  a  400-psi  chamber  pressure,  it  was  possible 
to  strain  a  3-inch  sample  by  25  percent  within  3  to  4  milliseconds.  Higher 
loading  rates  could  be  obtained  by  using  higher  chamber  pressures  and  by 
using  helium  in  place  of  nitrogen  but  special  damping  mechanisms  would  be 
needed  to  stop  the  main  piston  at  the  end  of  its  travel;  in  the  present 
apparatus  the  main  piston  just  bottoms-out  on  the  base  of  the  loading  machine. 
In  the  remainder  of  the  report,  samples  loaded  in  this  manner  are  designated 
as  "dynamic"  tests. 

Constant  load  tests,  with  rapid  rise  times,  were  performed  by 
using  chamber  pressures  that  were  not  sufficient  to  fail  the  soil  sample. 

Thus,  the  piston  applied  a  rapid  load  to  the  soil  sample  and  then  maintained 
the  load.  After  the  elapse  of  some  predetermined  dwell  time,  the  decay 
valv"  was  "fired,"  following  the  same  general  procedure  as  used  with  the 
main  valve,  and  the  pressure  in  the  chamber  was  exhausted. 

Tests  with  slower  rise  times  are  performed  in  a  slightly  different 
manner.  In  these  tests,  the  main  valve  is  raised,  the  space  beneath  the 
main  piston  is  filled  with  oil,  the  decay  valve  and  the  oil  valves  are 
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closed,  valves  3  and  I  (Fig.  4.5)  are  closed,  valve  2  is  opened,  and  a  gas 
pressure  is  applied  to  the  main  piston.  Thus  the  oil  is  subjected  to  a 
pressure  in  a  closed  system.  When  the  oil  valve  is  "fired,"  the  oil  can 
escape  through  the  regulating  valve  (no.  4)  and  through  valve  2  into  the 
lower  oil  container.  The  rate  of  loading  of  the  soil  sample  is  controlled 
by  the  nitrogen  pressure  applied  to  the  main  piston,  by  the  viscosity  of 
the  oil,  and  by  the  setting  of  the  regulating  valve.  Tests  performed  under 
this  contract  utilized  no.  10  oil.  Figure  4.6  shows  the  relationship  between 
the  setting  of  the  oil  regulating  valve  and  the  deformation  rate  for  a 
400  psi  chamber  pressure.  These  data  were  obtained  from  actual  tests  per¬ 
formed  on  Goose  Lake  Clay  at  cell  pressures  of  114  psi  and  1010  psi.  Times 
to  failure  as  low  as  40  milliseconds  were  obtained  in  this  manner.  Lower 
times  to  failure  could  have  been  obtained  by  using  an  oil  of  lower  viscosity. 
Electrical  Instrumentation 

The  instrumentation  system  utilized  a  4-channel  20-kc  CEC  carrier 
amplifier  to  activate  the  sensing  elements  which  consisted  of  four  vertically 
mounted  type  C6-I4I  Budd  foi i  gages  with  a  length  of  1/4  inch  each.  Opposing 
gages  were  connected  in  series  to  reduce  the  influence  of  bending  moments 
and  the  two  pairs  of  two  gages  each  were  connected  in  parallel  as  one  arm 
of  a  four  arm  bridge  circuit.  The  output  signal  was  recorded  with  a  CEC 

type  5-124  oscillograph  using  paper  speeds  up  to  128  inches  per  second.  On 

a  few  tests,  a  model  8100  M i nneapo 1 i s-Honeywe 1  I  8-channel  FM  tape  recorder, 
supplied  by  the  Department  of  Civil  Engineering,  was  used  to  record  data. 

This  system  had  a  much  faster  response  time  than  the  oscillograph  but, 

unfortunately,  was  not  available  until  near  the  end  of  this  contract.  When 
the  magnetic  tape  system  was  used,  it  was  necessary  to  insert  a  model 
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2000  Dana  DC  amplifier  just  ahead  of  the  recorder  to  obtain  an  adequate 
signal.  The  same  system  was  used  to  record  the  sample  deflection  and  the 
cel  I  pressure. 

A  second  part  of  the  electrical  instrumentation  system  was  the 
timing  unit  that  set  off  the  solenoid  valves  at  the  proper  time  and  also 
provided  a  timing  signal  to  be  recorded  on  the  oscillograph  tape.  A 
Hewlett-Packard  model  202A  function  generator  was  used  to  generate  a  square 
timing  trace  on  the  oscillograph  tape  and  to  provide  a  timing  signal  to  a 
dual  preset  counter  timing  unit.  When  the  switch  was  closed  to  start  a 
test,  the  timing  unit  provided  a  400-millisecond  delay  to  allow  the 
oscillograph  paper  to  attain  constant  velocity,  then  closed  a  circuit  to 
discharge  a  bank  of  condensors  to  activate  the  solenoid  that  released  the 
main  valve  in  the  loading  machine,  and  then,  at  some  predetermined  later 
time,  closed  another  circuit  to  discharge  another  bank  of  condensors  to 
activate  the  solenoid  to  release  the  decay  valve. 

A  typical  oscillograph  tape  from  one  of  the  tests  is  copied  in 
Fig.  4.7  with  the  superfluous  parts  of  the  tape  left  out,  e.g.,  the  part 
used  during  the  400  millisecond  delay  after  the  oscillograph  is  started  but 
before  the  first  solenoid  is  fired.  The  first  five  marks  on  the  tape  are 
the  LVDT  calibration  marks  which  were  obtained  before  the  top  of  the  tri- 
axial  cell  was  bolted  to  the  base.  The  next  two  marks  are  the  load  cell 
calibration  marks  resulting  from  inserting  the  580-psi  and  977-psi  resistors 
into  the  system.  The  next  set  of  twelve  marks  are  the  CEC  pressure 
transducer  calibration  marks.  A  section  of  the  tape  was  then  removed.  The 
next  section  of  the  tape  shows  the  application  of  the  cell  pressure  which 
is  recorded  on  both  the  axial  load  trace  and  the  CEC  transducer.  The 
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LVDT  moved  in  jerks  as  the  cell  pressure  overcame  the  force  of  static  0-ring 
friction  and  moved  the  loading  piston  slightly.  Then  another  section  of  the 
tape  was  removed.  The  instrumentation  technician  was  unable  to  see  the 
traces  at  the  time  they  were  generated  since  the  tape  must  be  exposed  tc 
sunlight  to  be  developed.  Hence,  he  made  a  mark  on  the  tape  showing  the 
location  of  the  axial  load  trace  just  prior  to  the  application  of  the  seat¬ 
ing  load.  This  mark  was  used  to  make  sure  that  only  a  very  small  seating 
load  was  applied.  The  seating  load  on  this  trace  was  6  psi  which  was  about 
2  percent  of  the  load  required  to  fail  this  sample.  A  section  of  the  tape 
was  again  removed.  The  next  part  of  Fig.  4.7  shows  the  actual  test  complete 
with  the  square  timing  trace  at  the  bottom.  For  this  test,  the  rate  of 
deformation  was  almost  linearly  a  function  of  time  up  until  failure. 

4.2  EXPERIMENTAL  PROCEDURES 
Sample  Preparat ion 

The  3000  grams  of  soil  needed  for  each  batch  was  mixed  with  300  ml 
of  water  in  a  Lancaster  model  PC  mixer  until  uniform.  The  soil  was  then 
stored  in  a  double  plastic  bag  for  one  week  to  allow  hydration  to  occur. 

The1 soil  was  remixed  by  hand  in  the  bag  before  compaction  of  the  samples. 

The  samples  were  subjected  to  kneading  compaction  using  a  nominal  foot 
pressure  of  200  psi,  10  layers  and  8  blows  per  layer.  After  compaction, 
the  mold  was  disassembled  and  the  soil  sample  weighed  with  an  accuracy  of 
about  0.03  gram.  The  sample  was  then  placed  on  a  solid  I . 5- i nch-d i ameter 
plastic  disc,  another  plastic  disc  was  placed  on  top  of  the  sample,  and  a 
single  rubber  membrane  was  rolled  over  the  sample.  The  edges  of  the  plastic 
discs  had  been  coated  with  silicone  high-vacuum  grease  to  reduce  the  danger 
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of  evaporation  during  storage.  The  samples  were  stored  under  water  for  one 
week  before  shearing. 

Set-up  of  Samples  in  the  Tri axial  Ce  >  ! 

The  wet  weight  and  dimensions  of  each  soil  sampie  were  determined 
immediately  after  removal  from  the  water  bath.  The  final  wet  weight  was 
usually  within  0.1  gram  of  the  initial  wet  weight  and  varied  (plus  and  minus) 
randomly.  The  sample  was  placed  on  the  pedestal  of  the  triaxial  cell  and 
surrounded  by  a  double  thickness  of  thin  paper  towel.  The  paper  was  slit 
vertically  to  avoid  the  development  of  hoop  stresses  and  the  second  layer  of 
paper  was  rotated  from  the  first  so  that  the  slits  in  the  two  sheets  of 
paper  did  not  coincide.  The  paper  towel  was  used  to  protect  the  thin 
membranes  from  any  sharp  projections  on  the  surface  of  the  soil  samples. 

Both  the  pedestal  and  the  stainless  steel  top  cap  were  greased  and  two 
membranes  were  rolled  down  over  the  soil  sample.  The  membranes  were  sealed 
to  the  pedestal  using  a  rubber  band  and  to  the  top  cap  using  a  rubber  0-ring. 
The  top  (closed)  end  of  the  membrane  was  trimmed  away  to  allow  the  loading 
piston  to  enter  the  top  cap. 

Instrument  Calibration  and  Preparation  of  the  Loading  Machine 

Before  the  cell  was  assembled,  the  loading  piston  was  moved  up  and 
down  through  increments  of  3/8  inch  each  and  the  core  of  the  LVDT  and  the 
recording  equipment  were  adjusted  to  obtain  the  electrical  null  point. 
Calibration  marks  were  then  placed  on  the  oscillograph  tape  for  piston 
movements  of  0,  3/8,  3/4,  1-1/8,  and  1-1/2  inches.  The  cell  was  than 
assembled  and  centered  in  the  loading  press. 

The  mam  piston  of  the  loading  machine  was  raised  to  its  starting 
position  and  the  trigger  cocked.  The  cell  was  centered  in  the  loading 
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machine,  and  the  loading  machine  was  then  lowered,  using  the  screw  jack, 
until  the  loading  cap  of  the  press  was  almost  in  contact  with  the  loading 
piston  of  the  triaxial  cell.  The  oscillograph  was  turned  on  and  the  tri- 
axial  cell  pressure  applied.  The  movement  of  paper  through  the  oscillograph 
was  stopped  and  a  mark  made  by  the  instrumentation  technician  indicating 
the  location  of  the  axial  load  trace  for  no  stress  difference  applied  to 
the  sample.  The  loading  machine  was  then  lowered  until  the  trace  was 
seen  to  deflect  slightly,  indicating  contact  of  the  loading  piston  with 
the  soil  sample,  and  the  loading  machine  was  locked  in  position. 

All  personnel  then  left  the  room  in  which  the  test  was  to  be 
performed.  The  apparatus  for  applying  the  pressure  in  the  main  chamber  of 
the  loading  machine  together  with  the  instrumentation  equipment  were  in  a 
separate  room  for  the  protection  of  the  personnel.  The  main  chamber  was 
pressurized  and  final  checks  were  made  to  determine  that  the  timing  trace 
was  of  the  correct  frequency  and  that  all  the  instrumentation  equipment  was 
ready . 

Shearing  the  Sample 

Essentially  the  only  function  of  the  operator  in  the  actual  per¬ 
formance  of  the  shear  test  was  to  close  the  switch  that  activated  the 
instrumentation  system.  When  the  switch  was  closed,  the  oscillograph  and 
magnet'C  tape  units  started.  Four  hundred  milliseconds  later  the  preset 
counter  unit  closed  another  circuit  to  discharge  a  bank  of  condensers  and 
to  activate  the  solenoid  valve  that  set  off  the  main  piston.  The  piston 
flew  upwards,  thus  opening  the  main  ports  and  allowing  the  chamber  pressure 
to  act  on  the  main  piston.  At  some  predetermined  time  later,  the  preset 
counter  :  ~»sed  another  circuit  to  discharge  the  chamber  pressure  (for 
constant  load  tests).  The  recording  equipment  was  turned  off. 
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Conclusion  of  the  Test 


The  main  chamber  pressure  was  discharged  (in  tests  to  failure)  and 
the  triaxial  cell  pressure  was  reduced  to  zero.  The  cell  was  removed  from 
the  press  and  dismantled.  The  sample  was  removed  and  used  to  determine  the 
final  water  content. 

The  oscillograph  tape  was  exposed  briefly  to  sunlight  to  develop 
the  traces  and  show  if  the  test  was  successful.  The  tape  was  then  subjected 
to  a  chemical  treatment  to  fix  the  traces. 

Data  Reduction 

Several  procedures  were  used  in  data  reduction  on  this  contract. 

On  the  triaxial  tests,  the  magnetic  tape  unit  was  not  used  extensively  so 
reduction  of  the  magnetic  tapes  will  not  be  discussed.  Most  of  the 
oscillograph  tapes  were  reduced  using  a  model  E-2,  Benson-Lehner  decimal 
converter.  This  machine  operates  in  the  following  manner:  The  paper 
oscillograph  tape  is  aligned  on  an  underlit  frosted-glass  surface.  The 
machine  has  a  frame  that  can  be  moved  along  the  tape  parallel  to  the  time 
scale,  i.e.,  lengthwise  on  the  tape,  and  a  cross  feed  device  that  can  be 
moved  at  right  angles  to  the  time  scale.  The  cross  feed  has  a  transparent 
plastic  scale  with  a  fine  inscribed  line.  The  electrical  system  of  the 
converter  is  calibrated  for  each  test  so  that  the  movement  of  the  cross 
feed  through  one  inch  results  in  an  electrical  signal  of  one  unit.  The 
signal  is  typed  out  by  an  IBM  electric  typewriter  on  a  data  form  when  the 
operator  presses  a  button.  Thus,  the  operator  selects  a  base  line  from 
which  all  trace  deflections  are  read  and  zeros  the  machine  on  this  base 
line.  He  then  reads  the  deflections  of  all  the  calibration  traces,  i.e., 
he  sets  the  cross  hair  on  each  trace  in  turn  and  presses  the  read  button. 
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The  timing  pulse  on  each  tape  provides  the  time  scale  which  is  also 
automatically  typed  out.  The  operator  reads  each  trace  at  e  series  of  times 
and  types  the  data  on  a  standard  form.  Such  a  form  is  reproduced  in  Fig.  4.8. 

The  remainder  of  the  calculations  are  performed  by  hand  since 
early  attempts  at  machine  reduction  indicated  that  hand  reduction  would  be 
more  convenient  and  less  expensive.  The  operator  first  calculates  the 
constants.  The  two  constants  required  are  the  inches  of  sample  deformation 
per  inch  of  trace  deflection  and  the  uncorrected  axial  stress  in  psi  per 
inch  of  trace  deflection.  The  operator  then  calculates  the  trace  deflections 
using  the  deflections  at  time  zero  as  base  lines  and  uses  the  constants  to 
determine  sample  deformation  and  uncorrected  axial  pressure.  The  sample 
deformation  is  converted  to  strain  assuming  ail  samples  to  be  3.00  inches 
long.  Area  corrections  were  made  assuming  that  the  samples  deform  as  right 
cylinders  without  volume  change.  Errors  in  these  assumptions  are  discussed 
in  the  next  section. 

The  corrected  stress  difference,  strain,  and  time  are  then  plotted 
in  some  suitable  fashion  and  numerical  data  are  taken  from  the  average  curves. 
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The  usual  way  of  measuring  such  volume  changes  is  to  fill  the 
cell  with  a  relatively  incompressible  fluid,  usually  water,  apply  cell 
pressure,  and  measure  the  quantity  of  fluid  entering  the  cell  to  maintain 
constant  pressure.  The  volume  change  of  the  soil  sample  is  obtained  as 
the  difference  between  the  measured  gross  volume  change  and  the  volume 
change  of  the  cell  fittings.  Similar  measurements  are  made  during  shear 
with  an  additional  correction  applied  for  the  volume  of  the  loading  piston 
as  it  enters  the  cell.  This  procedure  was  used  with  the  static  triaxial 
compression  tests  performed  at  pressures  up  to  120  psi.  Unfortunately,  the 
static  volume  change  apparatus  that  was  available  was  not  designed  for 
higher  pressures  and  could  not  be  used  within  the  pressure  range  used  for 
the  dynamic  tests  on  this  project.  Further,  this  technique  of  measurement 
could  not  be  adapted  conveniently  for  this  project  since  filling  the  cell 
with  an  incompressible  fluid  would  certainly  have  resulted  in  rupture  of 
the  cell  during  dynamic  tests. 

An  attempt  was  made  to  fill  the  cell  with  mercury  up  to  the  center 
of  the  top  cap  and  to  measure  the  change  in  mercury  elevation  using  an  LVDT 
in  which  the  core  would  be  attached  to  a  float.  The  method  did  not  operate 
satisfactorily  and  was  abandoned.  Other  methods  under  consideration  did  not 
appear  sufficiently  accurate  and  attempts  to  measure  volume  changes  were 
abandoned  when  it  became  apparent  that  the  time  lost  in  developing  a  procedure 
for  determining  the  volume  changes  would  not  be  compensated  for  by  the  value 
of  the  data  obtained  since  the  number  of  tests  performed  on  this  contract 
would  be  reduced  significantly.  Assuming  a  dry  density  of  117.4  pcf,  a 
specific  gravity  of  2.72  and  an  average  water  content  of  11.3  percent,  the 
air  content  of  the  samples  was  about  9.7  percent  of  the  total  volume.  The 
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static  tests  at  low  pressures  indicated  that  the  total  volume  change  at 
failure  at  120  psi  was  about  4.5  percent.  Thus,  the  error  involved  in 
ignoring  volume  changes  would  only  be  5.2  percent  (of  total  volume)  greater 
at  1000  psi  than  at  120  psi.  Such  an  error  would  result  in  a  slight  rotation 
of  the  failure  envelope  in  a  Hohr-Coulomb  diagram  but  the  rotation  would  be 
small.  It  is  recommended  that  such  volume  change  data  be  obtained  in  future 
research. 

Errors  in  Determination  of  Strain 

Strain  calculations  were  all  based  on  an  assumed  initial  length 
of  3.00  inches.  Actual  measurements  of  the  length,  under  conditions  of 
zero  total  stress,  indicated  random  scatter  of  up  to  0.3  percent. 

Assuming  an  isotropic  sample,  the  9.7  percent  maximum  possible 
error  in  volume  determination  would  lead  to  a  maximum  possible  error  in 
determination  of  the  initial  length  of  about  +  3.2  percent  (the  plus  sign 
indicating  that  the  assumed  value  is  larger  than  the  real  value). 

Errors  in  determination  of  strain  also  result  from  calibration 
problems  with  the  LVDT.  As  a  result  of  mechanical  limitations,  it  was  not 
possible  to  make  use  of  only  the  relatively  linear  part  of  the  output-core 
movement  curve  in  the  vicinity  of  the  electrical  null  point.  Electrical 
adjustments  were  used  to  make  the  calibration  curve  as  linear  as  possible 
but  the  trace  deflection  per  3/8-inch  movement  of  the  loading  piston  varied 
from  about  1.2  inches  to  1.4  inches  within  the  range  of  piston  movements 
actually  encountered  in  the  tests  (trace  deflections  as  small  as  about  1.06 
inches  were  encountered  at  the  extreme  ends  of  core  travel) .  Thus  an  error 
in  using  an  average  trace  deflection  of  1.3  inches  per  3/8- inch  piston 
travel  would  involve  an  error  of  about  plus  and  minus  7.7  percent.  Attempts 
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were  made  to  select  an  LVDT  constant  for  the  range  in  deformations  actually 
encountered  on  each  test;  thus,  the  probable  maximum  error  is  about  5  per¬ 
cent.  Thus,  a  sample  that  apparently  failed  at  23  percent  strain  could 
actually  have  failed  between  limits  of  about  22  percent  to  24  percent. 

Errors  are  also  involved  in  recording  the  data  and  reading  the 
tape.  The  maximum  error  in  reading  the  tape  is  estimated  at  0.02  inch 
which  is  an  error  of  about  0.2  percent  of  the  sample  length.  Instrumental 
errors  associated  with  the  response  of  the  oscillograph  are  very  difficult 
to  access.  However,  the  fastest  rise  times  encountered  with  these  tests  was 
about  3  ms.  If  the  stress-time  curve  is  taken  as  the  first  quarter  of  a 
sine  wave,  then  the  period  becomes  12  ms  or  the  frequency  about  80  cps.  The 
galvanometer  in  the  oscillograph  had  at  least  a  500  cps  response.  Thus,  the 
response  time  of  the  galvanometer  was  a  problem  only  for  very  small  strains 
on  the  fastest  tests.  Seating  Problems  and  other  mechanical  problems  are 
also  severe  at  small  strains. 

Based  on  this  discussion,  it  appears  that  the  largest  errors  in 
determination  of  strain  are  associated  with  the  unknown  initial  length  of 
the  sample  and  with  the  use  of  a  linear  calibration  of  the  LVDT.  Both  of 
these  errors  are  systematic  errors  and  do  not  result  in  scatter  of  the  points 
from  the  stress-strain  curves.  Both  errors  can  be  reduced  considerably  by 
further  refinements  in  the  apparatus  and  analytical  procedures.  Such 
refinements  were  not  made  during  this  contract  since  they  would  have  resulted 
in  a  substantial  reduction  in  the  number  of  tests  that  could  have  been 
performed  and  interpreted  and  since  the  errors  are  small  compared  to  the 
dynamic  effects  under  investigation. 
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Error  i n  Stress  Measurement 


The  load  cell  was  calibrated  to  read  stress  on  a  I . 5- inch-diameter 
specimen.  The  errors  involved  in  assuming  a  linear  calibration  curve  for 
the  load  cel!  are  too  small  to  warrant  consideration.  The  load  cell  was 
calibrated  statically.  The  difference  between  the  static  and  dynamic 
calibrations  is  assumed  negligible. 

All  samples  were  assumed  to  have  an  initial  diameter  of  1.5  inches. 
The  diameters  of  the  samples  after  compaction  varied  from  about  1.500  inches 
to  1.506  inches,  a  range  of  0.4  percent.  The  assumption  of  no  volume  change 
when  the  ambient  and  shearing  stresses  are  applied  results  in  a  maximum 
error  of  about  minus  6.5  percent  in  stress,  i.e.,  the  calculated  stresses 
are  smaller  than  the  actual  stresses. 

The  errors  in  determination  of  strain  cause  a  second  order  error 
in  determination  of  stress  since  an  area  correction  is  made  to  account  for 
bulging  of  the  samples  during  compression.  This  error  probably  does  not 
exceed  plus  and  minus  1  percent. 

Instrumental  recording  errors  for  both  the  axial  stress  and  the 
cell  pressure  are  similar  to  those  previously  discussed  for  the  strain 
measurements. 

The  errors  involved  in  the  determination  of  cell  pressure  are  very 
small  since  a  calibration  of  the  Bourdon  gages  indicated  they  were  within 
I  percent  and  since  pressure  changes  within  the  cell  during  dynamic  tests 
were  not  detectable  with  the  CEC  pressure  transducer. 

In  some  of  the  early  tests,  the  data  were  recorded  in  such  a  way 
that  the  seating  loads  could  not  be  determined.  The  estimates  of  the 
seating  loads  could  be  in  error  by  up  to  10  psi  but  this  error  was  eliminated 
after  the  first  series  of  tests. 
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Th»  error  associated  with  the  deterifti oaf  i an  of  stress.  based 

on  the  above  discussion,  is  involved  with  the  assumption  of  no  volume  change. 
This  error  should  have  a  negligible  effect  on  the  strain  rate  investigations 
where  all  samples  in  the  series  were  subjected  to  the  same  ceil  pressure. 

The  effect  on  the  Mohr-Coulomb  diagrams  should  vary  systematically  with  cell 
pressure. 

A  problem  involved  in  the  measurement  of  stresses  at  small  strains 
is  that  of  applying  a  sufficiently  small  seating  load.  If  too  large  a  seat¬ 
ing  load  is  applied,  the  s»oi  I  undergoes  creep  under  the  static  seating  load. 
Such  creep  may  affect  the  shape  of  the  stress  strain  curve  at  small  strains 
in  subsequent  dynamic  tests.  This  problem  may  have  influenced  the  results 
of  some  of  the  early  tests  where  seating  loads  of  up  to  about  15  percent  of 
the  compressive  strength  of  the  sample  were  accidently  applied.  I mf, movements 
in  the  experimental  techniques  reduced  the  seating  loads  down  to  about  5 
percent  of  the  compressive  strength  of  the  samples.  The  plastic  strains 
associated  with  such  small  seating  loads  are  probably  negligible. 

Membrane  Leakage  Experiments 

One  of  the  experimental  problems  that  warrants  attention  is  the 
problem  of  nitrogen  leakage  through  the  rubber  membranes  surrounding  the 
soil  samples.  Leakage  of  nitrogen  through  the  membranes,  or  under  the 
bindings,  will  result  in  an  increase  in  the  pore  air  pressure  in  the  soil 
and,  under  constant  total  stress,  a  reduction  in  effective  stress.  The 
decrease  in  effective  stress  results  in  a  loss  of  strength.  On  this  project, 
the  problem  of  membrane  leakage  was  set  aside  during  the  early  stages  of  the 

a 

testing  program  because  of  the  preponderant  problems  in  instrumentation  and 
mechanical  design.  An  analysis  of  some  of  the  early  experimental  results 
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indicated  the  presence  of  a  random  experimental  error  that  could  not  be 
attributed  to  any  of  the  sources  of  error  previously  discussed.  In  a  meet¬ 
ing  of  the  project  advisory  committee  in  June  1963,  Mr.  Stanley  Wilson, 
consultant  on  this  contract,  brought  up  the  subject  of  membrane  leakage  and 
suggested  that  measurements  should  be  taken  as  soon  as  possible. 

Measurements  of  membrane  leakage  were  obtained  by  mounting  a  1.5- 
inch-diameter  by  3.0- inch-high  porous  stone  (Norton,  P2I20)  in  a  1000-psi 
capacity  Wykeham-Farrance  triaxial  cell,  surrounding  the  stone  with  a  solid 
filter  paper  dra<n  and  two  membranes  using  the  same  set-up  procedure  as  used 
with  the  soil  tests,  and  then  subjecting  the  membranes  to  direct  nitrogen 
pressure.  The  drainage  connection  from  the  stone  was  connected  to  a  buret 
system  that  allowed  measurement  of  the  volume  of  gas  passing  through  the 
membrane.  The  gas  volume  was  measured  at  atmospheric  pressure.  Measurements 
were  made  at  a  series  of  pressures  between  100  psi  and  1000  psi.  A  steady 
leakage  rate  was  attained  within  the  first  minute.  Enough  measurements  were 
taken  at  each  pressure  to  assure  reasonable  reproducibility  (about  2  percent 
scatter).  The  curve  of  leakage  rate  vs  cell  pressure  is  presented  in  Fig.  4.9. 
The  leakage  rate  appears  to  be  directly  (though  not  linearly)  related  to  the 
cell  pressure  and  to  approach  3  ml/min  at  a  cell  pressure  of  1000  psi. 

The  outer  surface  of  the  second  membrane  was  then  coated  with  a 
thin  layer  of  high-vacuum  silicone  grease  and  a  third  membrane  was  placed 
around  the  sample.  Again  leakage  measurements  were  made  at  cell  pressures 
between  100  and  1000  psi.  As  shown  in  Fig.  4,9,  the  rate  of  ieakage  was 
reduced  by  about  40  percent. 

All  of  the  triaxial  tests  performed  on  this  project  utilized  two 
membranes  without  grease  between  them.  The  nitrogen  leakage  rates  at  cell 
pressures  of  100  psi,  500  psi  and  1000  psi  should  have  been  0.4,  1.7  and 
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content  of  11,3  percent,  a  specific  gravity  of  2.72  and  an  unstressed  (total 
stresses)  volume  of  87.1  cc,  and  assuming  that  all  of  the  nitrogen  leaking 
through  the  membrane  became  compressed  into  the  same  gas  volume  as  the 
sample  possessed  prior  to  leakage,  calculations  based  chi  the  general  gas 
law  indicate  that  the  pore  air  pressure  should  have  changed  by  0.7,  2.9  and 
4.9  psi/min.  for  cell  pressures  of  !00,  500  and  1000  psi.  These  pore  air 
pressures  act  back  against  the  Inside  of  the  rubber  membranes  and  thus  reduce 
the  actual  confining  pressure.  The  change  in  confining  pressure,  expressed 
as  a  percentage  of  the  confining  pressure,  are  0.7,  0.6  and  0.5  percent  per 
minute,  in  some  of  the  early  triaxial  tests,  problems  in  the  operation  of 
the  equipment  led  to  appreciable  delays  between  the  time  when  the  cell 
pressure  was  applied  and  when  the  shear  test  was  actually  performed. 

Nitrogen  leakage  through  the  membranes  may  explain  some  of  the  scatter 
obtained  In  these  tests.  Host  of  the  triaxial  tests  were  performed  within 
several  minutes  after  the  cel!  pressure  was  applied,  however,  so  the  membrane 


leakage  problem  was  probably  of  negligible  importance.  However,  in  tests 
lasting  more  than  a  few  minutes,  it  would  »e  necessary  to  make  use  of  the 
mercury  system  discussed  previously. 

Summary 


Based  on  the  foregoing  discussion,  it  appears  that  the  important 
testing  errors  include  (1)  lack  of  data  on  the  volume  change  characteristics 
of  the  samples,  (2)  nonlinearity  of  the  LVDT  calibration  and  (3)  membrane 
leakage.  The  volume  change  data  under  static  conditions  can  be  obtained 
with  comparatively  minor  additional  amounts  of  work.  The  nonlinear  LVDT 
calibration  can  be  used  in  reducing  the  experimental  data  but  a  new  data 
reduction  system  must  be  used  in  order  to  reduce  the  additional  expense. 


M<pmh ran*  1  w.55  not  a  iffr  ifius  problem  except  where  (1(>lsv<,  rpny!  ffrf 

subjecting  the  samples  to  the  cell  pressure  for  extended  periods  of  time 
prior  to  testing.  However,  for  longer  term  tests  the  cell  should  contain 
mercury  up  to  the  elevation  of  the  center  of  the  top  cap. 

4.4  DYNAMIC  TRIAXIAL  COMPRESSION  TESTS 
Introduction 

All  the  dynamic  tnaxial  compression  tests  were  of  the  un¬ 
consol  i da ted- undr a i ned  type  at  cell  pressures  between  i 14  psi  and  1010  psi . 
Two  types  of  tests  were  performed,  tests  to  failure  and  partial  loading 
tests.  In  the  tests  to  failure,  the  samples  were  strained  until  the  main 
piston  of  the  loading  machine  reached  the  end  of  its  travel,  i.e.,  to  about 
40  percent  strain.  In  the  partial  loading  tests,  an  attempt  was  made  to 
apply  a  predetermined  pressure  with  a  known  rise  time  and  to  maintain  this 
pressure  for  some  predetermined  dwell  time. 

A  summary  of  the  type  of  tests  performed  together  with  other 
miscellaneous  data  is  presented  in  Table  4.1.  Tests  3,  5,  12,  14,  25,  28, 
36,  47  and  58  were  defective  in  various  ways  and  the  stress  data  are  not 
presented.  Difficulties  included  loss  of  the  trace  on  the  oscillograph 
tape  because  of  the  very  high  trace  velocity  in  some  of  the  "dynamic"  tests, 
burst  membranes,  excessive  time  periods  under  pressure  with  resulting  gas 
leakage  through  the  membranes,  and  running  out  of  oscillograph  paper  for 
some  of  the  tests  with  very  long  rise  times. 

In  Table  4.1,  the  "Oil  Valve"  column  designates  the  number  of 
turns  open  of  the  oi i  valve.  in  tests  where  the  space  beneath  the  main 
pi ston  of  the  loading  mach i ne  was  filled  with  gas  (tests  with  3  to  4  milli¬ 
second  rise  times)  the  Oil  Valve  column  contains  a  hyphen. 
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Introduction.  Excluding  about  twenty  preliminary  tests,  forty- 
four  triaxial  compression  tests  to  failure  were  performed.  Considering  the 
limited  number  of  tests  that  were  possible,  an  attempt  was  made  to  bracket 
the  effects  of  confining  pressure  and  loading  rate  by  performing  three- 
series  of  tests:  (I)  a  series  of  tests  at  a  cell  pressure  of  100  psi  with 
variable  times  to  failure,  (2)  a  series  of  tests  at  1010  psi  with  variable 
times  to  failure,  and  (3)  a  series  of  tests  with  very  short  times  to  failure 
and  with  cell  pressures  ranging  from  100  pri  to  1000  psi.  A  series  of  only 
five  tests  was  performed  using  the  full  range  of  cell  pressures  and 
relatively  slow  times  to  failure  (about  70  seconds). 

Effect  of  time-to-fa i lure  on  compressive  strength.  The  effect  of 
time-to-fai lure  on  the  compressive  strength  at  a  cell  pressure  of  114  psi 
is  shown  in  Fig.  4.10.  The  compressive  strength  increased  by  about  50  per¬ 
cent  when  the  time-to-fai iure  was  reduced  from  100  seconds  to  3  milliseconds; 
thus,  the  compressive  strength  increased  about  10  percent  for  each  ten-fold 
reduction  in  the  t ime-to-fai lure. 

A  similar  relationship  for  the  series  of  tests  at  a  cel )  pressure 
of  1010  psi  is  shown  in  Fig.  4.11.  For  these  tests,  the  compressive  strength 
increases  by  about  45  percent  as  the  t ime-to-fai lure  is  reduced  from  100 
seconds  to  3  mi  1 1 i seconds.  Thus,  the  influence  of  deformation  rate  on  the 
compressive  strength  is  similar  at  the  upper  range  of  and  the  lower  range 
of  pressures  used  on  this  project. 

For  a  range  of  t imes-to-fai lure  where  the  strength  vs  log  time- 
to-fai  lure  relationship  is  approximately  linear,  the  strength  can  Le  ex¬ 
pressed  by  an  equation  such  as: 
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(4.1) 


« 

^(oj  -  flj)  ■  a  -  b  log  . 

where  a  and  b  are  constants  and  t^  is  the  t ime-to-fai lure  in  seconds. 
By  approximat ing  various  parts  of  the  st rength-t ime  relationships  with 
strain  lines,  the  appropriate  values  of  a  and  b  become: 


Cell  Pressure 
psi 

Range  in  Time-to-Fai lure 

a 

b 

1 14 

3  ms  to  10  ms 

99 

32.7 

10  ms  to  200  ms 

126 

13.5 

0.2  s  to  100  s 

128 

8.0 

1010 

2  ms  to  50  ms 

181 

47.0 

0.05  s  to  100  s 

227 

7.5 

An  empirical  relationship  could  be  fitted  to  a  curved  strength  vs  log  time- 
to- fa i lure  relationship,  but  the  limited  amount  of  data  obtained  to  date 
does  not  warrant  the  more  involved  formulation. 

Mohr- Coulomb  diagrams.  The  influence  of  confining  pressure  on 
strength  is  shown  in  the  modified  Mohr-Coulomb  diagram  in  Fig.  4.12.  The 
curved  failure  envelopes  are  common  for  unconsol idated-undrained  compression 
tests  on  unsaturated  soils.  When  an  increment  of  ambient  total. stress  is 
applied  to  an  unsaturated  soil,  the  pore  air  pressure,  pore  water  pressure 
and  effective  stress  all  increase.  However,  only  the  change  in  effective 
stress  influences  the  shearing  strength  (by  definition).  When  the  total 
stress  is  increased,  the  increased  pore  air  pressure  results  in  a  partial 
dissolution  of  the  air  in  the  pore  water  according  to  Henry's  law. 

Continued  increases  in  the  total  stress  will  eventually  cause  all  the  pore 
air  to  dissolve  in  the  pore  water;  thus,  the  soil  is  "pressure  saturated." 
When  the  soil  is  unsaturated,  an  applied  increment  of  total  stress  results 
in  an  increase  in  effective  stress  and  an  increase  in  shearing  strength. 
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When  the  soil  has  been  pressure  saturated,  nearly  all  of  the  increment  of 
ambient  total  stress  gtx.:*  into  the  pore  water  and  a  negligible  increase  in 
effective  stress  results.  Thus,  for  a  saturated  soil,  the  modified  Mohr- 
Coulomb  diagram,  expressed  in  total  stresses,  becomes  horizontal.  Both 
dynamic  failure  envelopes  in  Fig.  4.12  (t imes-to-fai lure  of  3.5  ms  and 
70  sec.)  are  concave  downwards  and  approach  a  zero  slope  at  high  pressures. 

Mr.  Stanley  Wi Ison  suggested  (personal  communication)  that  a  semi- 
logarithmic  relationship  might  be  used  to  formulate  the  failure  envelope. 

The  two  dynamic  failure  envelopes  have  been  plotted  in  semi logar i thmi c  form 
in  Fig.  4.13.  The  equations  of  the  two  failure  envelopes  are  approximately: 

•|(0j  -  a^)  =  -  191  +  135  log  -^(ct |  +  Og)  sec.  to  failure 

^(0^  -  0g)  ■  -  367  +  218  log  -|(oj  +  oj  3^  ms.  to  failure 

These  relationships  are  applicable  to  the  range  in  confining  pressure  from 
100  psi  to  1000  psi.  A  more  general  equation  could  probably  be  derived  to 
define  the  total  stress  failure  envelope  if  the  effective  stress  properties 
of  the  soi  l  were  known. 

The  failure  envelope  defined  with  the  low-pressure  static  tests 
is  also  shown  in  Fig.  4.12.  The  t imes-to-fa i lure  for  the  static  tests  were 
about  700  seconds,  ten  times  longer  than  the  t imes-to-fai lure  for  the  70- 
second  dynamic  failure  envelope.  Thus,  the  extended  70-second  dynamic 
envelope  should  be  slightly  above  the  static  envelope.  Actually,  the  two 
envelopes  are  almost  perfectly  coincident.  The  explanation  is  that  the 
decreases  in  volume  resulting  from  the  application  of  both  ambient  and 
shearing  stresses  were  taken  into  account  with  the  static  tests.  The  re¬ 
duced  areas  of  the  samples  could  not  be  taken  into  account  with  the 
dynamic  tests;  thus,  the  assumed  areas  of  the  samples  are  slightly  too 
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large  for  the  dynamic  tests  and  the  calculated  compression  stresses  are  too 
low.  An  adjustment  of  the  areas  puts  the  two  failure  envelopes  in  proper 
relative  positions.  Thus,  the  static  envelope  provides  evidence  that  there 
are  no  major  errors  in  defining  the  stresses  in  the  dynamic  tests. 

Stress-strain  relationships.  The  stress-strain  curves  derived 
from  the  tests-to-fai lure  show  a  remarkable  uniformity.  Examination  of 
Table  4.1  demonstrates  that  the  strains  at  failure  are  independent  of  both 
the  confining  pressure  and  the  time-to-fai lure.  Only  three  samples  failed 
at  strains  outside  of  the  range  from  18  percent  to  24  percent  and  those 
three  samples  failed  at  17,  25  and  26  percent  strain.  Considering  the 
uniformity  of  the  sircss-stra in  curves,  there  is  little  to  be  gained  by 
presenting  all  the  curves  individually.  Atteny  s  were  made  to  reduce  the 
stress-strain  data  to  dimensionless  plots  for  condensed  presentation. 

The  stress-strain  data  were  normalized  by  plotting  the  ratio  of 
the  stress  difference  to  the  stress  difference  at  failure,  (<Xj  -  -  a 

versus  the  ratio  of  the  strain  to  the  strain  at  failure,  e/e^.  These 

ratios  are  designated  at  R  and  R  respectively.  The  resulting  plot  is  a 

o  e 

dimensionless  stress-strain  curve  with  the  stress  and  strain  ratios  varying 
between  0  and  1 . 

The  most  convenient  method  of  grouping  tests  was  to  plot  all  tests 
subjected  to  the  same  confining  pressure  together.  The  dimensionless  stress 
strain  diagrams  for  all  tests  performed  at  confining  pressures  of  about 
114,  210,  498,  705  and  1010  psi  are  presented  in  Figs.  4.14  through  4.18. 
Since  the  tests  at  each  confining  pressure  were  performed  at  a  wide  range 
of  strain  rates,  much  of  the  scatter  in  Figs.  4.14  through  4.18  represents 
strain  rate  effects.  Some  of  the  scatter  represents  experimental  error. 


It  would  be  convenient  if  these  dimensionless  stress-strain 
diagrams  could  be  represented  by  mathematically  simple  curves.  Efforts 
were  made  to  fit  several  types  of  curves  to  the  data.  The  stress  strain 
data  obtained  from  tests  at  a  confining  pressure  of  114  psi  (Fig.  4.14) 
will  be  used  to  illustrate  the  methods  used. 

A  hyperbola  of  the  form: 


R 

a 


a  +  b  R 


(4.2) 


has  been  suggested  by  Kondner  for  the  representation  of  the  stress-strain 
relationship.  The  constants  a  and  b  are  easily  determined  since  a  plot  of 
R^/R^  vs  R^  results  in  a  straight  line  with  an  intercept  of  a  and  a  slope 
of  b.  The  data  shown  in  Fig.  4.14  have  been  replotted  in  this  form  in 
Fig.  4.19.  For  values  of  Rg  greater  than  0.2,  the  data  define  a  straight 
line;  thus  the  dimensionless  stress-strain  curve  is  approximately  hyper¬ 
bolic  for  R^  greater  than  0.2.  The  constants  are  a  «  0.09  and  b  ■  0.91. 
Similar  diagrams  were  prepared  for  tests  at  other  pressures  and  the  follow¬ 
ing  parameters  were  obtained: 


Confining  Pressure 

Psi 

a 

b 

114 

0.09 

0.91 

210  to  328 

0.09 

0.91 

477  to  453 

0.07 

0.93 

705  to  735 

0.05 

0.95 

1010 

0.05 

0.95 

The  decreasing  value  of  a  and  increasing  value  of  b  indicate  that  the 
stress-strain  curves  rise  more  rapidly  at  low  strains  when  the  confining 
pressure  is  increased.  The  hyperbolas  are  drawn  in  Figs.  4.14  through 
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4.18  for  comparison  with  the  real  data  and  it  is  evident  that  the  fit  is 

satisfactory  at  large  strains  but  is  not  satisfactory  at  lew  strains. 

Using  the  data  obtained  at  a  confining  pressure  of  114  psi,  the 

simple  hyperbolic  relationship  (Eq.  4.2)  was  also  fitted  to  the  data  at 

low  strains.  The  hyperbolic  parameters  were  then  a  *  0.C7  and  b  «  0.93. 

A  comparison  between  this  hyperbola  and  the  real  stress-strain  data  is 

shown  in  Fig.  4.20.  As  expected,  the  hyperbola  fits  the  experimental  data 

reasonably  well  at  low  strains  but  does  not  fit  for  R  >  0.6. 

o 

2 

A  curve  obeying  the  equation  (Sr i nch-Hansen  ): 


R  = 


(4.3) 


a  a  +  be 

was  fitted  to  the  same  experimental  data  with  the  provision  that  the  curve 
must  pass  through  the  coordinate  (1,1)  with  a  horizontal  tangent;  thus  a 
and  must  be  0.5.  The  curve  is  shown  in  Fig.  4.21  together  with  the  ex¬ 
perimental  data.  The  curve  fits  the  data  at  small  strains  but  deviates 

widely  from  the  experimental  data  for  R  >  0.2. 

€ 


Finally,  a  logarithmic  curve  of  the  form: 


.  lr>nR 
R  =  alO  o 

e 


(4.4) 


was  fitted  to  the  data  (Fig.  4.22).  In  this  case,  the  constants  a  and  n 
were  0.006  and  2.13  respectively.  The  fit  is  reasonably  good  up  to  R^  *  0.8 
but  the  curve  deviates  widely  from  the  experimental  data  at  larger  values  of 


R  . 
e 

None  of  the  simple  mathematical  equations  fits  the  experimental 
data  adequately  throughout  the  range  in  strain  up  to  failure  but  any  of  the 
equations  can  be  fitted  to  the  experimental  data  for  limited  ranges  in 
strain. 
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in  the  sol  1-structure  interaction  problem,  there  is  particular 
interest  in  the  shape  of  the  early  part  of  the  stress-strain  curve.  Since 
the  curved  form  of  the  stress-strain  curve  introduces  complexity  into 
analytical  work,  it  is  common  practice  to  define  the  early  part  of  the 
stress-strain  curve  using  the  secant  modulus  ( Efi) ,  i.e.,  the  ratio  of  the 
stress  to  the  strain  at  some  arbitrary  point  on  the  stress-strain  curve. 
The  arbitrary  points  are  often  either  one  percent  strain  or  at  half  the 
failure  stress,  though  any  point  on  the  stress-strain  curve  may  be  chosen. 

Definition  of  the  stress  at  low  strains,  and  vice  versa,  was 
particularly  difficult  on  this  project  because  of  the  very  rapid  rise 
times.  Since  the  rates  of  strain  were  approximately  uniform  during  a 
single  test,  samples  that  failed  in  3.5  milliseconds  at  22  percent  strain 
must  have  developed  one  percent  strain  in  less  than  0.2  milliseconds.  The 
500-cps  (2  milliseconds  per  cycle)  galvanometers  in  the  oscillographs  can¬ 
not  give  an  accurate  response  to  such  rapid  loadings.  Since  the  stress- 
strain  curve  is  very  steep  at  such  low  strains,  small  variations  in  the 
deformation  trace  resulting  from  stray  electric  currents  or  from  loosening 
of  the  cross  arm  holding  the  LVOT  core  could  exert  considerable  influence 
on  the  secant  modulus  at  low  strains.  An  additional  difficulty  with  some 
of  the  early  tests  was  that  appreciable  seating  loads  were  applied  to  the 
samples.  The  influence  of  these  seating  loads  on  the  dynamic  secant 
modu 1 i  is  not  known . 

The  influence  of  the  confining  pressure  on  the  secant  moduli 
defined  at  I  percent  strain  in  "dynamic"  tests  is  shown  in  Fig.  4.23.  The 
semi- logarithmic  plot  was  used  since  the  semi- logari thmi c  modified  Mohr- 
Coulomb  diagram  yielded  a  straight  line  failure  envelope.  The  data  in 
Fig.  4.23  have  a  considerable  amount  of  scatter  but  they  suggest  that, 
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within  the  range  of  pressure  from  100  psi  to  1000  psi,  the  secant  modulus 
defined  at  1  percent  strain  increases  with  the  logarithm  of  the  confining 
pressure.  The  secant  modulus  ranged  from  about  10,000  psi  at  a  confining 
pressure  of  100  psi  to  21.000  psi  at  a  confining  pressure  of  1000  psi. 

Similar  data  are  plotted  in  Fig.  4.24  where  the  secant  moduli  are  defined 
at  half  the  failure  strength.  These  secant  moduli  are  somewhat  lower, 
ranging  from  about  9000  psi  to  15,000  psi  for  the  range  in  confining  pressure 
from  100  psi  to  1000  psi. 

The  influence  of  the  rate  of  loading  on  the  secant  moduli  at  1 
percent  strain  is  shown  in  Fig.  4.25.  Considering  the  difficulties 
associated  with  the  definition  of  the  secant  modulus,  the  scatter  is  small. 
For  samples  subjected  to  a  confining  pressure  of  114  psi,  the  secant 
modulus  is  independent  of  the  loading  rate  within  the  range  of  3  milliseconds 
to  70  seconds  to  failure.  At  a  confining  pressure  of  1010  psi,  the  secant 
modulus  increases  linearly  as  the  t ime-to-fai lure  decreases  logarithmically 
down  to  50  milliseconds,  the  t ime-to-fai lure  associated  with  the  fastest 
setting  of  the  oil  valve.  The  fastest  tests  at  10*0  psi  yielded  somewhat 
lower  secant  moduli.  Within  the  range  of  t imes-to-fai lure  of  50  milli¬ 
seconds  to  70  seconds,  the  secant  modulus  for  the  tests  at  1010  psi  is 
given  by  the  equation: 

E$  <5>  1%  strain  =  24,000  -  2630  log  tf 

where  the  t ime-to-fai  lure  (t^.)  is  expressed  in  seconds. 

Interpretation  of  the  secant  modulus  data  is  complicated  by  lack 
of  sufficient  data  and  by  uncertainties  regarding  the  validity  of  the  obser¬ 
vations  for  the  tests  with  times  to  failure  around  3  milliseconds.  Never¬ 
theless,  some  preliminary  interpretation  seems  necessary.  The  samples  used 
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in  this  investigation  were  subjected  to  a  kneading  compaction  procedure 
with  nominal  foot  pressures  of  about  200  psi.  The  actual  foot  pressure 
was  much  larger  for  small  foot  penetrations  since  the  bottom  of  the  foot 
was  slightly  rounded.  Thus,  these  samples  were  subjected  to  a  prestress 
equivalent  to  at  least  200  psi  before  they  were  inserted  into  the  triaxial 
ceil.  It  is  assumed  that  sample  deformation  results  from  a  combination  of 
particle  distortion  (mainly  bending  of  clay  plates  in  cohesive  soils)  and 
interparticle  displacements.  The  deformation  resulting  from  particle 
distortion  should  largely  be  elastic,  i.e.,  the  deformations  should  be 
recoverable  though  the  stress-strain  curve  may  not  be  linear  and  may  contain 
a  hysteresis  loop  between  the  loading  and  unloading  parts  of  the  curve. 
Deformation  resulting  from  particle  displacements  should  be  plastic  and 
should  exhibit  a  viscous  effect,  i.e.,  the  resistance  to  displacement 
should  be  a  function  of  the  rate  of  deformation. 

For  the  samples  subjected  to  a  confining  pressure  of  114  psi, 
the  particles  have  been  subjected  to  a  prestress  well  in  excess  of  the 
confining  pressure  and  deformations  up  to  perhaps  one  percent  strain 
should  be  largely  elastic.  Elastic  response  is  assumed  to  occur  in  less 
than  a  millisecond;  thus,  the  secant  modulus  for  an  elastic  response  should 
be  independent  of  the  loading  rate  (Fig.  4.25)  for  t imes-to-fai lure  in 
excess  of  3  milliseconds.  When  the  samples  are  subjected  to  a  confining 
pressure  of  1000  psi,  much  of  the  prestress  resulting  from  compaction  is 
exceeded  and  both  the  elastic  and  plastic  deformation  occur  at  strains  less 
than  one  percent.  Thus,  the  secant  modulus  at  1000  psi  is  somewhat  strain 
rate  dependent  (Fig.  4.25) .  Since  the  effective  stresses  are  greater  in 
the  samples  with  a  confining  pressure  of  10 10  psi  than  in  those  with  114  psi, 
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the  soil  structure  is  more  rigid  and  a  larger  secant  modulus  results.  The 
interpretation  of  the  secant  modulus  data  is  complicated  by  the  fact  that 
the  physical  properties  of  soils  are  functions  of  the  state  of  effective 
stress,  not  the  state  of  total  stress.  On  this  project,  only  total  stress 
data  are  available.  If  pore  pressure  data  were  available  for  these  dynamic 
tests,  it  is  probable  that  a  much  more  quantitative  explanation  of  the 
influence  of  confining  pressure  and  loading  rate  on  the  secant  modulus  could 
be  developed. 

Partial  Loading  Tests 

Introduction .  At  the  first  meeting  of  the  Project  Advisory 

Committee,  Hr.  Stanley  Wilson  expressed  great  interest  in  partial  loading 

/ 

tests,  i.e.,  tests  in  which  some  fraction  of  the  lond  required  to  produce 
failure  is  applied  dynamically  and  is  maintained  constant  for  some  pre¬ 
scribed  period  of  time  with  resulting  strains  being  measured.  It  was  re¬ 
cognized  that  difficulties  would  be  experienced  in  such  tests  because  of 
overshoot  resulting  from  the  inertia  of  the  mjin  piston  in  the  loading 
machine  but  a  series  of  tests  were  performer  to  study  the  feasibility  of 
such  tests  and  to  determine  if  useful  date,  could  be  obtained  using  the  type 
of  apparatus  that  was  then  under  design. 

With  a  limited  amount  of  timr  available,  it  was  decided  to 
restrict  the  tests  to  two  loading  rat*s,  the  first  using  gas  loading  (such 
as  in  the  4-millisecond  tests  discussed  previously)  and  the  second  using  an 
oil  valve  setting  of  10.  The  gas- leaded  tests  were  performed  at  cell 
pressures  of  117  psi  and  1010  psi.  The  oil-valve  tests  were  performed  at 
cell  pressures  of  117  psi,  203  psi,  498  psi,  705  psi  and  1000  psi. 

Chamber  pressures  were  selected  such  that  the  applied  axial  stress 
varied  from  about  20  percent  to  fO  percent  of  the  stress  required  to  cause 
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failure.  The  sum  of  the  rise  time  and  dwell  time  was  restricted  to  about 
400  mi  1 1 i seconds. 

Equipment  problems.  As  noted  above,  the  most  serious  equipment 
problem  was  expected  to  be  involved  with  reduction  of  the  overshoot  of 
stress  to  tolerable  limits.  Since  the  main  piston  of  the  loading  machine 
does  not  strike  the  base  of  the  loading  machine  in  partial  loading  tests 
it  would  seem  possible  to  replace  the  steel  piston  with  a  piston  made  of 
much  lighter  metal  and  thus  to  reduce  the  inertia  of  the  loading  system. 
Lack  of  time  precluded  attempts  at  such  equipment  refinements  but  it  is 
recommended  that  attempts  along  these  lines  should  be  made  on  future 
research. 

A  second  equipment  problem  involved  the  maintenance  of  a  constant 
load  over  predetermined  periods  of  time.  The  use  of  a  controlled  chamber 
pressure  in  the  loading  machine  established  that  the  stress  applied  to  the 
main  pisten  of  the  loading  machine  was  essentially  constant.  However, 
there  were  rubber  0-ring  seals  between  this  pi  .ton  and  its  cylinder  and 
between  the  loading  piston  of  the  tri axial  cell  and  the  top  of  the  cell. 
Rubber  0-rings  seals  exert  approximately  a  constant  frictional  drag  on  a 
moving  piston  provided  the  piston  velocity  is  constant.  If  the  piston 
velocity  decreases  to  almost  zero,  the  0-rings  often  tend  to  freeze  against 
the  moving  piston  and,  thus,  increase  the  drag.  The  slight  decrease  in 
axial  stress  in  some  of  the  tests  could  have  resulted  from  0-ring  freezing. 

Stress-time  and  strain-time  relationships.  The  stress- time  and 
strain-time  relationships  for  all  the  partial  loading  tests  are  presented 
in  Fig.  4.26  through  4.32. 

The  problem  of  overshoot  of  applied  stress  was  particularly 
severe  in  the  tests  with  very  rapid  rise  times  (Fig.  4.26  and  4.27).  The 
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oscillograph  was  unable  to  respond  accurately  to  such  rapid  stress  pulse- 
so  the  actual  magnitudes  of  the  overshoot  cannot  be  determined.  Using 
the  oscillograph  data,  the  overshoot  was  from  21  percent  to  34  percent 
except  on  test  60  where  the  oscillograph  indicated  only  a  2  percent  over¬ 
shoot.  As  shown  in  Figs.  4.26  and  4.27,  the  applied  stresses  were  main¬ 
tained  reasonably  constant  during  the  400-millisecond  dwell  time.  The 
samples  underwent  a  rapid  strain  associated  with  the  rise  time  of  the  load 
but  continued  to  strain,  in  most  tests,  when  the  stress  was  decreasing  from 
its  peak  value  toward  the  constant  value.  As  the  stress  approached  the 
constant  value,  some  of  the  samples  underwent  a  slight  re-expansion. 

The  tests  with  an  oil-valve  setting  of  10  (Figs.  4.28  through 
4.32)  exhibit  stress-time  and  strain-time  curves  that  are  very  similar  to 
those  of  the  more  rapid  tests  except  that  the  rise  time  is  longer  (about 
50  milliseconds  as  opposed  to  about  0.2  to  1.5  milliseconds  for  the  fast 
tests)  and  the  stress  overshoot  is  smaller.  The  overshoot  varied  from  4 
percent  to  18  percent  and  averaged  about  10  percent.  In  many  of  these 
tests  the  sample  continues  to  compress  during  the  time  when  the  load  is 
decreasing  from  its  peak  value  back  toward  the  constant  value.  Thus,  the 
continued  strain  during  decreasing  stress  on  the  very  rapid  tests  is 
probably  not  caused  by  instrumentation  errors  but  is  a  real  occurrence. 

If  the  stress  could  be  applied  almost  instantaneously  and  then  held  constant, 
it  appears  that  the  soil  might  undergo  an  almost  instantaneous  elastic 
strain  followed  by  a  plastic  strain  that  occurs  at  a  decreasing  rate  as 
the  time  increases. 

Effect  of  stress  level  on  creep  rate.  Examination  of  Figs.  4.26 
through  4.32  indicates  that  the  rate  of  creep  under  approximately  constant 
stress,  is  a  function  of  the  stress  level,  the  higher  the  stress  level  the 
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higher  the  creep  rate.  As  a  first  approximation,  the  strain  occuring 
between  0.!  second  and  0.4  second  was  expressed  in  units  of  percent  per 
second  and  plotted  against  the  constant  axial  stress  expressed  as  a  per¬ 
centage  of  the  axial  stress  required  to  produce  failure,  i.e.,  the  stress 
ratio  (Fig.  4.33  and  Table  4,2). 

Figure  4  33  shows  that  continued  creep  does  not  take  place  until 
the  stress  is  about  35  percent  of  the  failure  stress.  Considering  only  the 
oil  valve  tests,  the  applications  of  stresses  beyond  35  percent  of  the 
failure  stress  results  in  deformation  in  the  0.1-  to  0.4-second  interval; 
this  creep  increases  with  the  stress  level  and  is  greater,  for  a  given  stress 
ratio,  at  higher  cell  pressures.  The  influence  of  stress  ratio  on  the 
creep  rate  is  to  be  expected;  at  stress  ratios  approaching  one  the  creep 
rate  should  become  very  large.  The  explanation  of  the  influence  of  cell 
pressure  on  creep  rate  is  essentially  the  same  as  the  explanation  of  the 
influence  of  cell  pressure  on  the  secant  modulus.  These  soil  samples  were 
compacted  using  a  nominal  foot  pressure  of  200  psi.  Thus,  samples  sub¬ 
jected  to  cell  pressures  less  than  perhaps  200  psi  are  over-cor sol idated 
and  should  undergo  very  reduced  amounts  of  creep.  The  creep  should  be 
very  small  for  samples  subjected  to  cell  pressures  less  than  100  psi.  The 
samples  subjected  to  1000  psi  of  cell  pressure  were  compressed  sufficiently 
so  that  they  might  approximate  normally  consolidated  insensitive  clays  and 
increased  creep  rates  are  to  be  expected. 

Only  two  cell  pressures  were  used  with  the  dynamic  tests,  114  psi 
and  1000  psi.  The  114  psi  tests  experienced  the  same  creep  rates  as  the 
114  psi  tests  using  the  oil  valve.  However,  the  tests  at  1000  psi  ex¬ 
perienced  relatively  small  and  erratic  creep.  As  shown  in  Table  4.2,  the 
stress  overshoot  in  the  dynamic  tests  ranged  from  21  percent  to  34  percent 
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(as  noted  previously,  the  overshoot  of  only  2  percent  in  test  60  is 
believed  to  indicate  an  inability  of  the  oscillograph  to  respond  to  a 
very  rapid  stress  pulse),  whereas  the  overshoot  in  the  oil-vulve  tests 
was  always  less  than  18  percent.  Even  in  the  oil-valve  tests,  the  samples 
subjected  to  a  high  stress  overshoot  underwent  little  creep;  the  samples 
that  underwent  creep  had  an  average  overshoot  of  only  6.7  percent.  It 
appears  that  samples  subjected  to  large  stress  overshoot,  and  associated 
elastic  strains,  are  prestressed  to  such  an  extent  that  subsequent  virr.ous 
straining  is  inhibited. 

These  partial- loading  tests  demonstrate  that  the  rate  of  creep  is 
a  function  of  the  stress  level  (expressed  as  a  ratio  of  the  stress  required 
to  cause  failure)  and  the  cell  pressure  (degree  of  overconsolidation)  and 
that  prestress  caused  by  stress  overshoot  reduces  the  creep  rate.  The 
overshoot  is  believed  to  result  from  the  inertia  of  the  main  piston  of  the 
loading  machine  and  the  piston  and  top  cap  of  the  triaxial  cell,  with 
perhaps  a  small  inertial  effect  from  the  gas.  Thus,  reduction  of  over¬ 
shoot  will  necessitate  using  either  slower  rise  times  or  reduced  mass  in 
the  loading  system. 

Since  the  strain-time  curves  were  curved,  consideration  was 
given  to  fitting  a  visco-elastic  model  to  the  curves.  However,  the  unknown 
magnitudes  of  the  stress  overshoot  and  the  lack  of  sufficient  data  pre¬ 
cluded  a  useful  visco-elastic  analysis. 
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TABLE  4. 1 


SUMMARY  OF  TRIAXIAL  TESTS 

Note:  All  shear  data  were  reduced  from 
oscillograph  tape.  Corrections 
have  been  applied  for  the  seating  load. 


Batch 

No. 

Samp  1  e 
No. 

a3 

psi 

Seat 

Load 

psi 

V°3 

2 

psi 

V°3 

2 

psi 

ef 

% 

lf 

Chamber 

Pressure 

psi 

Oi  1 
Valve 

1 

1 

1005 

(20) 

298 

1303 

21 

3  ms 

320 

- 

1 

2 

790 

18 

275 

1065 

22 

3  ms 

300 

- 

1 

3 

600 

- 

- 

- 

- 

- 

- 

- 

1 

4 

600 

(20) 

267 

867 

24 

$2  ms 

280 

* 

1 

5 

410 

- 

- 

- 

- 

- 

- 

- 

1 

6 

208 

13 

198 

406 

23 

4  ms 

220 

- 

1 

7 

1  14 

22 

163 

277 

17 

3  ms 

180 

- 

1 

8 

1  14 

30 

120 

234 

20 

70  s 

400 

.  1 

1 

9 

1 14 

15 

1  12 

226 

18 

29  s 

400 

.5 

1 

10 

1  14 

30 

122 

236 

20 

18  s 

400 

1 

1 

1  1 

1  14 

1  1 

1  19 

233 

20 

6  s 

400 

1.5 

1 

12 

1  14 

10 

- 

- 

- 

- 

- 

- 

1 

13 

1  14 

24 

128 

242 

22 

1.5  s 

400 

3.0 

1 

14 

1  14 

— 

— 

— 

- 

113 


TABLE  4. I  (continued) 


Batch 

No. 

Sample 

No. 

a3 

psi 

Seat 

Load 

psi 

V°3 

2 

psi 

<’l+03 

2 

psi 

€f 

% 

Chamber 

Pressure 

psi 

Oil 

Valve 

2 

15 

1020 

18 

232 

1252 

21 

50  ms 

400 

11 

2 

16 

1010 

15 

253 

1263 

21 

50  ms 

400 

10 

2 

17 

1010 

22 

253 

1263 

22 

125  ms 

400 

9 

2 

18 

1010 

25 

244 

1254 

20 

130  ms 

400 

8 

2 

19 

1010 

20 

217 

1227 

21 

280  ms 

400 

7 

2 

20 

1010 

18 

217 

1227 

22 

400  ms 

400 

6 

2 

21 

1010 

22 

228 

1238 

22 

600  ms 

400 

5 

2 

22 

1010 

32 

230 

1240 

21 

1  s 

400 

4 

2 

23 

1010 

35 

239 

1249 

21 

1.75  s 

400 

3 

2 

24 

1010 

33 

217 

1227 

21 

4.4  s 

400 

2 

2 

25 

1010 

37 

- 

- 

- 

- 

- 

- 

2 

26 

1010 

30 

212 

1222 

18 

85  s 

400 

.1 

2 

27 

1010 

(30) 

305 

1315 

22 

3.2  ms 

320 

- 

2 

28 

114 

- 

- 

- 

- 

- 

- 

- 

3 

29 

114 

10 

142 

256 

21 

40  ms 

400 

10 

3 

30 

114 

0 

137 

254 

22 

1 10  ms 

400 

8 

3 

31 

114 

9 

134 

248 

21 

300  ms 

400 

7 

3 

32 

114 

12 

132 

246 

22 

650  ms 

400 

2 

3 

33 

114 

3 

130 

244 

22 

470  ms 

400 

5 

3 

34 

114 

24 

140 

254 

21 

3.5  s 

400 

.5 

3 

35 

113 

8 

120 

234 

22 

14  s 

400 

1 

3 

36 

113 

- 

- 

- 

- 

- 

400 

.1 

3 

37 

910 

20 

291 

1201 

25 

4  ms 

310 

- 

3 

38 

705 

14 

293 

998 

19 

4  ms 

270 

- 

3 

39 

498 

16 

279 

777 

22 

4  ms 

270 

- 

3 

40 

498 

16 

283 

781 

24 

5  ms 

250 

- 

3 

41 

328 

12 

245 

573 

22 

4  ms 

230 

- 

114 


TABLE  4.1  (continued) 


Batch 

Samp  1  e 

a3 

Seat 

ara3 

2 

psi 

0|+03 

2 

psi 

€f 

Chamber 

Oi  i 

No. 

No. 

psi 

Load 

psi 

7, 

Pressure 

psi 

Valve 

4 

42 

1010 

31 

300 

1310 

26 

4  ms 

320 

- 

4 

43 

1010 

0 

182 

1192 

22 

75  s 

400 

.5 

4 

44 

1010 

33 

Partial 

Loading 

155 

- 

4 

45 

1010 

11 

it 

n 

130 

- 

4 

46 

1010 

33 

it 

n 

105 

- 

4 

47 

1000 

6 

- 

- 

- 

m» 

400 

10 

4 

48 

1000 

- 

- 

- 

- 

m 

155 

10 

4 

49 

1000 

8 

Part i al 

Loading 

130 

10 

4 

50 

1000 

6 

1 1 

II 

105 

10 

4 

51 

1000 

11 

1  1 

II 

155 

10 

5 

52 

117 

4 

115 

232 

21 

1.5  s 

400 

3 

5 

53 

293 

2 

153 

446 

22 

1.5  s 

420 

3 

5 

54 

477 

10 

168 

645 

22 

1.5  s 

440 

3 

5 

55 

735 

4 

180 

915 

22 

1.6  s 

460 

3 

5 

56 

1010 

2 

190 

1200 

24 

1.7  s 

480 

3 

5 

57 

1  17 

6 

Partial 

Loading 

35 

10 

5 

58 

117 

4 

- 

- 

- 

- 

45 

10 

5 

59 

1  17 

2 

Partial 

Loading 

55 

10 

5 

60 

117 

4 

1  1 

1  1 

35 

- 

5 

61 

117 

8 

1  1 

1  1 

45 

- 

5 

62 

117 

2 

1  1 

1  1 

55 

- 

6 

63 

208 

6 

Partial 

Loading 

45 

10 

6 

64 

208 

4 

1  1 

1  1 

55 

10 

6 

65 

208 

4 

1  1 

1  1 

65 

10 

6 

66 

498 

8 

•  1 

1 1 

55 

10 

6 

67 

498 

8 

1  1 

1  1 

80 

10 

6 

68 

498 

12 

1  1 

II 

100 

10 

6 

69 

705 

14 

1 1 

1  1 

65 

10 

6 

70 

705 

10 

1  1 

1 1 

90 

10 

6 

71 

705 

14 

1 1 

1  15 

1 1 

1 14 

10 

TABLE  4.1  (continued) 


Batch 

No. 

Sample 

No. 

a3 

psi 

Seat 

Load 

psi 

V°3 

2 

psi 

<’l+03 

2 

psi 

€f 

% 

‘f 

Chamber  Oi  1 
Pressure  Valve 
psi 

7 

72 

210 

(10) 

164 

374 

23 

70  s 

400  . 1 

7 

73 

498 

(10) 

203 

701 

20 

70  s 

400  .1 

7 

74 

705 

20 

215 

920 

18 

63  s 

400  .1 

116 


TABLE  4.2 


SUMMARY  OF  PARTIAL  LOADING  TESTS 


Test 

a3 

Oi  1 

cT 

• 

Q 

OJ 

Overshoot 

Ae/At 

No. 

psi 

Valve 

(ffr°3>f 

% 

% 

U  sec 

57 

114 

10 

38 

5 

0.3 

59 

1 14 

10 

62 

8 

3.3 

63 

208 

10 

37 

1  1 

0.0 

64 

208 

10 

44 

9 

1.0 

65 

208 

10 

56 

5 

5.3 

66 

498 

10 

17 

15 

0.0 

67 

498 

10 

39 

13 

1.3 

68 

498 

10 

51 

7 

5.7 

69 

705 

10 

19 

18 

0.0 

70 

705 

10 

41 

12 

0.7 

71 

705 

10 

54 

4 

4.3 

49 

1000 

10 

27 

5 

0.0 

50 

1000 

10 

39 

1 

3.0 

51 

1000 

10 

45 

3 

11.3 

60 

1  17 

- 

33 

(2) 

0.0 

61 

1  17 

- 

57 

29 

1.7 

62 

117 

- 

64 

25 

2.7 

46 

1010 

- 

39 

34 

2.0 

45 

1010 

53 

21 

2.5 

44 

1010 

- 

62 

25 

1.1 

117 
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Figure 4.1.  Triaxial  Cell  . 
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Trace  Deflection,  inches* 


Figure  4.2.  Calibration  Curve  For  The  Load  Cell 
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Figure  43.  Call  Pressure  Ponel  Board  Circuit 
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Figure  4.4  Dynamic  Testing  Frame 
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Figure  4.5.  Hydraulic  System 
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Figure  4.6.  Rates  of  Deformation  in  Oil  Valve  Tests. 
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Figure  4.7a.  Calibration  Marks  for  the  Deflection  Trace  on  the 
Oscillograph  Tape  of  Test  No.  39. 
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Figure  4  7b  Calibration  Marks  for  the  Axial  Load  and  Cell  Pressure 
Traces  on  the  Oscillograph  Tape  of  Test  No.  39. 
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AF  5535 


DATA  REDXTION  FORM 


TRIAXIAL  STRESS- STRAIN  DATA 


Test  No.  _ 

49 

Date 

6-1-63 

Operator  Madden, 

L.  0. 

Deformation 

1:  C  =  .307 

"sample/ "tape, 

€  = 

10.22 

_*/"tape 

Stress  Difference:  C 

=  210 

psi/"tape 

Deformation 

Stress 

Difference 

Time 

Strain 

sec. 

Gross 

Net 

Gross 

Net 

Uncorr. 

Corr. 

% 

in. 

in. 

in. 

in. 

psi 

psi 

.000 

4.04 

0 

1.37 

0 

0 

0 

0 

.002 

4.03 

.01 

2.06 

•  19 

40 

40 

0.1 

.004 

4.00 

.04 

2.24 

•37 

78 

76 

0.4 

.006 

3-99 

•  05 

2.36 

.51 

107 

107 

0.5 

.009 

3.96 

.06 

2.47 

.60 

126 

125 

0.8 

.014 

3.94 

.10 

2.56 

.71 

149 

148 

1.0 

.020 

5.66 

.16 

2.68 

.81 

170 

168 

1.6 

.034 

3-76 

.26 

2.6o 

•  93 

195 

190 

2.7 

.049 

3.69 

.35 

2.83 

.96 

202 

195 

3.6 

.060 

3.63 

.41 

2.64 

.97 

204 

196 

4.2 

.120 

3-59 

•  45 

2.83 

.96 

202 

193 

4.6 

.161 

3.56 

.46 

2.84 

•  97 

204 

194 

4.9 

.252 

3-55 

•  49 

2.05 

.96 

206 

196 

5.0 

•  396 

3.51 

•  53 

2.64 

.97 

204 

193 

5-4 

seating  load  =  (1.76  - 

OJ 

t'- 

• 

H 

210  =  3  psi 

LVDT  cal.  c 

teps 

4.66 

3  •  77 

2.44 

1.17 

(0.30) 

axial  load 

cal.  steps 

C.61 

3.42 

5.17 

FIG.  4.3  DATA  REDUCTION  FORM 
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129 


Time  To  Failure 

Figure  4.10.  Influence  Of  Time  To  Failure  On  Shearing  Strength,  Confining  Pressure  -  Il4psi. 
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130 


igure4.ll.  Influence  of  Time  to  Failure  on  Shearing  Strength,  Confining  Pressure  =  1010  psi . 
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Undrained  Triaxial  Compression  Tests  On  Goose  Lake  Clay 
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Compression  Tests  On  Goose  Loke  Cloy 


Figure  4.14.  Dimensionless  Stress-Strain  Relationships  for 

Triaxial  Tests  to  Failure  with  or  =  114  psi . 

3 


Figure  4.15.  Dimensionless  Stress-Strain  Relationships  for 
Tests  to  Failure  with  <r  =2IOp$i  to  328  psi. 
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Figure  4.17.  Dimensionless  Stress-Strain  Relationships  for 
Tests  to  Failure  with  a*3  =  705psi  8  735 psi. 


Figure  4.19  Hyperbolic  Curve-Fitting  Diagram  for  Tests 
to  Failure  with  a  =  114  psi  . 
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Figure  4.21.  Parabolic  Stress-Strain  Curve  for  Tests 

to  Failure  with  a  =  114  psi. 
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Figure  4.28.  Triaxiol  Compression  Tests  at 
o  Cel!  Pressure  of  117  psi .  and  on 
Oil  Valve  Setting  of  10. 
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Figure  4.29.  Triaxiol  Compression  Tests  of 
o  Cell  Pressure  of  208  psi.  and  on 
Oil  Valve  Setting  of  10. 
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Figure  4.31.  Thaxioi  Compression  Tests  of 
a  Cell  Pressure  of  705  psi.  and  on 
Oil  Valve  Setting  of  10. 
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Figure  4.32.  Triaxial  Compression  Tests  at 
a  Cell  Pressure  oflOOOpsi.  and  on 
Oil  Valve  Setting  of  10. 
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A«/At,  %/stc  (rcngt  0.!  »«c  to  0.4  sec) 


Figure  4.33 .  Creep  Rotes  for  Times  Between  0.1  sec.  and 

0.4  sec. ,  Triaxial  Compression  Tests. 
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CHAPTER  5 


INTERPRETATION  OF  ONE-DIMENSIONAL  AND  TRIAXIAL  TEST  RESULTS 

5.1  HORIZONTAL  PRESSURES 

If  the  soi  ‘  adjacent  to  a  buried  structure  is  subjected  to  a 

dynamic  vertical  loading,  horizontal  pressures  will  be  exerted  on  the 

structure.  A  knowledge  of  the  magnitude  of  the  horizontal  pressures  is 

essential  for  designing  the  structure.  The  ratio  of  the  developed 

horizontal  pressure  to  the  applied  vertical  pressure,  K  *  Ao^/Ac^, 

depends  on  the  physical  properties  of  the  soil,  the  stress  level,  the 

rate  of  loading,  and  the  conditions  of  lateral  strain  imposed  on  the 

soil  element.  The  lateral  strain  in  one-dimensional  compression  is 

zero;  for  this  condition  K  is  denoted  as  K  .  If  outward  lateral  strains 

o 

are  permitted  and  the  lateral  stress  is  constant,  the  ratio  K  decreases 
as  the  vertical  stress  increases  and  attains  a  minimum  value  denoted  as 
corresponding  to  the  "active  state." 

The  applied  vertical  stress  and  developed  horizontal 
stress  are  superimposed  on  the  vertical  and  horizontal  stresses  existing 
in  situ.  The  ratio  Kq  for  the  in  situ  stresses  depends  on  the  geological 
history  of  the  soil  deposit  and  is  not  generally  known.  In  the  subse¬ 
quent  discussion  only  the  increments  of  stress  due  to  the  applied  vertical 
stress  are  considered.  Thus  for  the  one-d imensiona I  compression  tests, 

Ac.  =  o  and  Ac  *  o  ,  and  for  the  triaxial  tests,  Ac.  =  c_  and  A a  -  c.. 
h  r  v  a  h  3  v  1 

The  one-d i mens i ona I  and  triaxial  tests  provide  data  from  which 
values  of  Kq  and  respectively  may  be  determined  for  dynamic  loading. 
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it  should  be  noted  that  the  character  of  the  loading  in  the  tests  differs 
from  that  which  would  be  experienced  in  the  field,  in  the  case  of  the 
one-dimensional  compression  test,  the  dynamic,  vertical  pressure  starts 
from  the  initial  seating  load  whereas  in  the  field  the  vertical  pressure 
is  superimposed  on  the  existing  overburden  pressure  as  previously  noted. 

In  the  field  and  in  the  one-dimensional  test  the  vertical  and  lateral 
pressures  increase  simultaneously.  However,  in  the  triaxial  test  the 
confining  pressure  was  applied  first  and  then  the  axial  stress  was 
increased  dynamically.  Thus  only  a  portion  of  the  tot»l  axial  stress  is 
a  dynamic  load.  The  effect  o?  this  difference  cannot  be  evaluated  at 
this  time;  this  would  be  a  valuable  subject  for  future  research. 

The  values  of  K  at  various  stress  levels  obtained  from  the 
o 

one-dimensional  tests  are  given  in  Table  3.2.  On  the  average,  Kq 
increases  from  about  0.4  at  low  stress  levels  to  0.9  at  an  axial  stress 
of  about  1500  psl.  At  this  point  the  soil  has  been  compressed  sufficiently 
to  become  saturated  and  stress  increments  above  this  level  are  transmitted 
almost  entirely  to  the  pore  water;  thus,  the  lateral  stress  increases 
by  an  amount  equal  to  the  increment  of  vertical  stress  and  Kq  approaches 
unity.  The  pressure  at  which  saturation  occurs  depends  upon  the  initial 
degree  of  saturation;  if  the  sci 1  is  saturated  initially,  Kq  will  be 
equal  to  unity  throughout  the  test.  The  values  of  Kq  listed  in  Table  3.2 
have  been  averaged  within  the  pressure  increments  300  psi  to  500  psi, 

500  psi  to  750  psi,  and  750  psi  to  900  psi.  "ihe  averages  are  plotted 
against  the  axial  stress  in  fig.  b.l  and  a  curve  labeled  "K^"  has  been 
drawn  to  indicate  the  probable  trend  of  the  data.  The  scatter  in  the 
data  at  stress  levels  below  I0C0  psi  does  not  permit  a  more  precise 
rep  re sen tat  ion. 
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The  failure  envelopes  for  the  triaxiai  tests,  Fig.  4.12,  may 
be  used  to  obtain  corresponding  values  of  K  and  vertical  stress,  Acv» 
since  both  Ao^  and  Ao^  are  defined  for  each  point  on  the  envelope.  These 
K-values  are  the  minimum  values  which  are  possible  for  a  given  axial  stress 
and  may  be  denoted  as  K  .  The  relationships  between  K  and  Ao  obtained 

3  3  V 

from  the  failure  envelopes  for  the  triaxiai  tests  are  shown  in  Fig.  S.l 
for  two  loading  rates.  K  increases  from  about  0.3  for  tow  stress  levels 

3 

to  0.6  or  more  at  an  axial  stress  level  of  1500  psi.  As  discussed  in 
section  4.4,  the  failure  envelopes  become  horizontal  at  high  stress  levels; 
that  is,  (oj  -  Og)  becomes  constant  and  independent  of  o^.  can  be 
expressed  in  the  form: 

°3  °r(or°3)  .  °r°3 

K  *  —  =  -  •  1  -  . . — 

a  Oj  Oj  a j 

Since  the  stress  difference  (oj-a3)  has  an  upper  limit  for  unconsol idated- 
undrained  stressing  of  unsaturated  soil  (Fig.  4.12)  while  may  increase 
indefinitely,  it  is  apparent  that  K  must  approach  one  at  large  values 

3 

of  Oj.  Note,  however,  that  large  volumetric  strains  may  be  required  to 
increase  to  the  level  required  to  maintain  (o^-o^)  at  its  limiting 
value. 

A  relationship  between  K  and  A of  the  type  shown  in  Fig.  5.1 
provides  a  means  for  estimating  the  horizontal  pressure  resulting  from  a 
given  vertical  pressure  for  different  lateral  yield  conditions.  The  zone 
between  the  one- d i mens iona 1  and  triaxiai  curves,  shown  shaded,  represents 
the  possible  range  in  K-values.  It  is  important  to  note  that  while  the 
upper  boundary  corresponds  to  a  condition  of  zero  lateral  strain,  the 
magnitude  of  strain  at  the  lower  boundary  is  not  defined. 
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In  this  respect,  it  is  of  interest  to  study  the  variation  of 
K  and  strain  during  the  dynamic  triaxial  tests  as  shown  in  Fig.  5.2. 

The  axial  strain  in  the  triaxial  tests  was  taken  to  be  zero  when  the 
sample  was  subjected  to  the  confining  pressure  only.  Point  A  in  Fig.  5.2 
represents  a  sample  subjected  to  an  ambient  pressure  of  114  psi .  When 

the  axial  stress  is  increased,  K  decreases  along  the  curve  ABC.  Point  C 

represents  failure  conditions  for  which  K  *  K  .  (The  curve  labeled  K 

3  d 

in  Fig.  5.2  is  identical  to  the  curve  for  with  *  4  ms  in  Fig.  5.1.) 
Curve  A'B‘ C*  is  similar  to  ABC  but  appl ies  to  tests  wi th  a  confining 
pressure  of  1010  psi.  The  axial  strain  at  failure  was  approximately 
20  percent  for  all  of  the  triaxial  tests;  thus  the  axial  strain  for 
curve  CC*  is  20  percent  as  shown  in  the  figure.  The  values  of  axial 

stress  and  K  at  points  B  and  B*  have  been  determined  for  an  axial  strain 

of  one  percent. 

If  it  is  assumed  that  the  volume  changes  are  negligible  during 

the  dynamic  portion  of  the  tests,  the  lateral  strain  will  hr  equal  to 

one-half  the  axial  strain.  Thus  a  lateral  strain  of  onl/  0.5  percent 

will  cause  K  to  decrease  from  unity  to  the  values  given  /  curve  BB‘ 

while  an  additional  lateral  strain  of  9.5  percent  is  required  to  achieve 

the  minimum  K-values.  It  is  important  to  note  that  the  condition  of 

zero  lateral  strain  in  the  triaxial  test  is  different  from  that  in  the 

one-dimensional  test  because  zero  lateral  strain  1$  defined  differently 

for  the  two  tests.  As  a  result  the  K  -curve  in  Fig.  5.1  cannot  oe 

o 

compared  with  the  triaxial  zero- lateral-strain  line,  lineAA',  in 

Fig.  5.2.  The  l^-curve  actually  corresponds  roughly  with  curve  BB ' 

instead.  Therefore  an  estimate  of  the  lateral  strain  required  to  cause 

a  reduction  from  K  to  K  may  be  inferred  from  the  difference  in  lateral 

o  a 
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strain  between  curves  BB*  and  CC* .  On  this  basis,  it  is  estimated  that 

a  lateral  strain  of  approximately  9  percent  to  10  percent  will  cause  a 

reduction  in  horizontal  pressure  from  K  Ac  to  K  Ac  . 

r  o  v  a  v 

5.2  STRESS-STRAIN  RELATIONS 

The  stress-strain  relationship  for  a  given  soil  under  an 
axially  symmetrical  state  of  stress  is  primarily  a  function  of  the 
degree  of  confinement  provided  in  the  radial  direction.  This  fact  is 
demonstrated  in  Fig.  5.3  where  representative  stress-strain  curves  for 
a  one-dimensional  compression  test  (No.  9)  and  for  a  triaxial  test  (No.  27) 
are  shown.  The  vertical  scale  represents  the  increase  in  axial  stress; 
for  the  one-dimensional  test  this  is  the  total  axial  stress  whereas  for 
the  triaxial  test  it  is  equal  to  (aj-o^) •  Both  tests  were  conducted  at 
comparable  strain  rates.  Direct  numerical  comparisons  of  the  test  results 
are  difficult  because  of  the  differences  in  densities  and  degrees  of 
saturation  between  the  two  samples.  However,  a  comparison  of  the  moduli 
when  the  lateral  stresses  in  the  two  tests  ere  equal  is  of  interest.  The 
constrained  tangent  moduli  at  radial  stresses  of  500  psi  and  1000  psi 
(for  example,  at  point  A  in  Fig.  5.3)  are  listed  in  Table  5.1.  In  Table  5.2, 
the  minimum,  average,  and  maximum  constrained  tangent  moduli  are  compared 
with  the  secant  moduli  at  one  percent  strain  from  the  triaxial  tests 
with  ■  4  ms.  The  latter  values,  as  shown  in  Fig.  4.23,  are  18,000  psi 
and  22,000 psi  for  lateral  pressures  of  500  psi  and  1000  psi  respectively. 
Because  of  the  difficulty  in  measuring  the  small  strains  during  the 
fastest  triaxial  tests,  it  is  possible  that  a  better  value  for  the 
lateral  pressure  of  1000  psi  may  be  given  by  extrapolating  from  the 
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moduli  for  the  slower  tests.  In  this  case,  E&  is  found  to  be  35,000  psi 
(Fig.  4.25)  .  The  ratio  H  ct/fc's  for  the  average  Mct»values  increase  from 
2.25  for  a  lateral  pressure  of  500  psi  to  3.37  or  4.59  for  a  lateral 
pressure  of  1000  psi.  The  difference  between  the  moduli  at  a  given 
lateral  pressure  is  believed  to  be  largely  the  result  of  differing 
conditions  of  lateral  restraint  and,  to  a  lesser  extent,  the  result  of 
differences  in  average  density  and  degree  of  saturation. 

If  it  is  assumed  that  the  moduli  at  a  given  lateral  pressure 
are  related  in  the  same  manner  as  the  constrained  modulus  and  the  modulus 
of  elasticity  for  an  elastic  material,  then  the  following  relation  holds: 


"et  I-, 

Es  *  <l+v> (l-2v>  •  •  ■  • 

■n  which  Mct  *  constrained  tangent  modulus 

E^  «  triaxiai  secant  modulus 
v  ■  Poisson's  ratio 
For  an  elastic  material. 


(5.1) 


v 

1-v 


(5.1) 


The  relation  between  K  and  M  „/E  may  be  found  by  eliminating  v  from 

o  ct  5 

Eq.  (5.1)  and  (5.2)  or,  more  simpiy,  it  can  be  expressed  graphically  as 

Shown  In  Fig.  5.4.  Measured  values  of  K  and  M  J E  may  be  plotted  on 
J  o  ct  s 

Fig.  5.4  for  comparison  with  the  elastic  curve.  This  has  been  done  for 


confining  pressures  of  500  psi  and  1000  psi  using  the  values  of  K  and 

o 

M  J E  listed  in  Table  5,2.  The  K  -values  in  Table  5.2  were  obtained  from 
ct  s  o 

the  K  -curve  in  Fig.  5.1.  The  scatter  in  M  /E  in  Fig.  5.4  does  not 
o  ct  s 

permit  definite  conclusions  to  be  drawn  from  the  comparison.  The 
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proximity  of  the  average  values  and  the  theoretical  curve,  however,  implies 
that  Kq,  the  constrained  tangent  modulus,  and  the  triaxial  secant  modulus 
at  one  percent  strain  may  be  related,  for  a  given  lateral  stress,  by 
Eq.  (5. 1)  and  (5.2)  . 

5.3  DESIGN  IMPLICATIONS  FOR  HIGH  PRESSURE  LEVELS 
Limitations 

The  one-dimensional  test  results  may  be  used  to  draw  several 
conclusions  regarding  the  interaction  of  a  compacted  soil  with  a 
relatively  rigid  structure  at  high  pressure  levels.  These  conclusions 
are  of  a  general  nature  and  may  assist  in  making  estimates  of  the  soil 
properties  for  design  purposes.  They  are  limited  to  silty  clays  (CL  undvir 
the  Unified  Classification  System)  which  are  compacted  to  about  95  percent 
of  the  maximum  dry  density  obtained  from  the  Modified  AASHO  compaction 
test  and  which  have  a  degree  of  saturation  of  80  percent  to  85  percent. 
These  conditions  are  not  uncommon  in  practice  so  that  the  limitations 
are  not  severe. 

Constrained  Secant  Modulus 

The  variation  of  the  constrained  secant  modulus  with  axial 
stress  was  shown  in  Tig.  3.22.  The  modulus  decreases  to  a  minimum  value 
at  an  axial  pressure  of  500  psi  to  1000  psi  and  then  increases  linearly  for 

pressures  above  1000  psi,  which  is  the  pressure  level  at  which  the  soil 

becomes  essentially  saturated.  On  the  basis  of  the  rapid  test  results 

shown  in  Fig.  3.22,  the  value  of  this  modulus  is 

M  <*  25000  +  15a 
cs  a 
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where  a is  the  axial  stress.  This  equation  will  give  approximate 
M  -values  for  a  greater  than  1000  psi  and  less  than  10,000  psi.  The 

C5  q 

influence  of  the  rate  of  loading  is  not  clear  from  the  test  results  but 
the  indication  is  that  under  very  fast  rates  of  loading  the  value  of  Mcs 
may  be,  on  the  average,  50  percent  greater  than  that  given  by  the  above 
equation.  Thus  both  the  stress  level  and  the  rate  of  loading  have  a 
significant  influence  on  the  constrained  modulus. 

A  similar  series  of  one-dimensional  tests  was  conducted  on 
Playa  silt  from  the  Nevada  Test  Site  (Hendron  and  Davisson^).  The 
constrained  secant  modulus  for  static  and  rapid  tests  was  found  to  be 
approximately 

M  -  4000  +  3o 
cs  a 

or  about  one-fifth  of  the  value  obtained  for  the  Goose  Lake  Clay.  At 
an  axial  stress  of  5000  psi,  for  example,  the  moduli  are  19,000  psi  and 
100,000  psi  for  the  Playa  Silt  and  Goose  Lake  Clay  respectively.  The 
difference  in  moduli  may  be  largely  the  result  of  the  difference  in 
initial  degree  of  saturation,  which  was  about  30  percent  for  the  Playa 
Silt  compared  with  80  percent  for  the  Goose  Lake  Clay. 

The  dynamic  modulus  for  the  Playa  Silt  was  found  to  be 
approximately  1.85  times  the  rapid  modulus  (rise  times  greater  than  35  ms) 
whereas  this  factor  is,  on  th<*  "  *rage,  1.5  for  the  Goose  Lake  Clay.  The 
range  in  dynamic  moduli  (rise  times  less  than  35  ms)  at  an  axial  stress 
of  5000  psi  was  26,000  psi  to  40,000  psi  for  the  Playa  Silt.  For  the  same 
axial  stress,  the  moduli  for  the  Goose  Lake  Clay  ranged  from  80,000  psi 
to  200,000  psi.  Thus  the  dynamic  modulus  is  significantly  greater  than 
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the  static  or  rapid  modulus  even  when  the  initial  degree  of  saturation 

is  as  great  as  80  percent.  Because  of  this  difference,  it  is  probable 

that  the  dynamic  modulus  can  be  determined  only  on  the  basis  of  dynamic 

tests  for  degrees  of  saturation  lower  than  80  percent. 

Ratio  of  Horizontal  to  Vertical  Soil  Pressures 

The  variation  of  K  with  axial  stress  for  the  one-dimensiona 1 

o 

tests  has  been  presented  in  Fig.  5.1.  Though  a  scatter  in  the  measurements 
exists,  on  the  average  Kq  increases  from  about  0.4  at  low  stress  levels 
to  about  0.9  at  an  axial  stress  level  of  about  1500  psi.  it  is  of  interest 

to  compare  these  values  with  the  values  listed  in  the  Air  Force  Design 

2 

Manual  for  various  soil  types.  The  samples  of  Goose  Lake  Clay  which 
were  tested  may  be  classified  as  cohesive  soils  of  a  hard  consistency. 

The  Air  Force  Design  Manual  lists  the  following  dynamic  Kq- values  for 
stress  up  to  1000  psi: 

Dynamic  K 
_ _ o 

Unsaturated  Cohesive  Soils  of  Very 

Stiff  to  Hard  Consistency  1/3 

Saturated  Cohesive  Soils  of  Very 

Soft  to  Hard  Consistency  I 

The  measured  K  -values  fall  within  these  rather  broad  limits,  but  it  is 
o 

clear  that  the  Goose  Lake  Clay,  with  a  degree  of  saturation  of  approximately 
80  percent,  agrees  more  closely  with  the  "saturated"  rather  than  the 
"unsaturated"  classification.  For  design  in  this  type  of  material  with 
stresses  up  to  1000  psi  or  2000  psi  a  KQ-value  of  0.9  would  be  reasonable. 
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TABLE  5.  1 


CONSTRAINED  TANGENT  MODULI  FOR  ONE- DIMENSIONAL  TESTS 


Test  No. 

(®  ar  *  500  psi 

@  a r  ~  1000  psi 

ksi 

ksi 

1 

(150) 

180 

2 

50 

75 

3 

40 

100 

4 

60 

100 

5 

50 

180 

6 

45 

60 

7 

25 

50 

8 

75 

125 

9 

40 

100 

10 

35 

90 

II 

20 

80 

12 

40 

13 

35 

70 

14 

70 

180 

15 

30 

70 

16 

45 

30 

17 

25 

— 

18 

30 

— 

19 

20 

80 

20 

15 

— 

21 

(135) 

(400) 

22 

50 

90 

23 

-- 

— 

24 

-- 

— 

25 

50 

90 

Range 

15  to  75 

50  to  180 

Average 

40.5 

101 

Note:  Values  in  parentheses  are  not  included  in  Range  and  Average 


TABLE  5.2 


COMPARISON  OF  ONE-DIMENSIONAL  AND  TRIAXIAL  MODULI 


q3 

K 

o 

Tangent  M 

Mct 

fs_ 

psi 

psi 

psi 

500 

0.63 

18000b 

min.  15,000 

0.83 

av.  40,500 

2.25 

max.  75,000 

4.27 

1000 

0.78 

22000b 

min.  50,000 

2.27 

av.  101,000 

4.59 

max. 180,000 

8.17 

35000C 

min.  50,000 

1.43 

av.  101,000 

3.37 

max. 180,000 

5.15 

Triaxial  secant  modulus  at  1%  strain  for  t^  ■  4  ids 
Measured  (Fig.  4.23) 

Extrapolated  from  measurements  with  slower  times-to-fai lure  (Fig.  4.25) 


164 


165 


E  5.1.  RELATIONSHIP  BETWEEN  K  AND  A<rv  FOR  ONE'DIMENSIONAL  AND  TRIAXIAL 
TESTS  ON  GOOSE  LAKE  CLAY  . 


Axial  St 
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FIGURE  5.2.  RELATIONSHIP  AMONG  K,A«rv,  ANO  AXIAL  STRAIN  FOR  TRIAXIAL 
TESTS  ON  GOOSE  LAKE  CLAY  . 


Increase  in  Axial  Stress  ,  psi 


'-TriaxiJ  Test  No  27 

v  3  =  IOIO  psi 
Strom  Rote  =  69  in  /in. /sec. 


Strain,  in./in. 

FIGURE  5.3.  COMPARISON  OF  ONE -DIMENSIONAL  AND  TRIAXIAL 
STRESS  -  STRAIN  CURVES. 


FIGURE  5.4.  RELATION  BETWEEN  K0  AND  Met/E»  . 
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CHAPTER  6 


SUMMARY,  CONCLUSIONS,  AND  RECOMMENDATIONS 


6.1  SUMMARY  OF  TESTING  PROGRAM 
Equipment 

A  series  of  dynamic,  high  pressure  triaxial  and  one-dimensional 
tests  has  been  conducted  to  expand  our  current  knowledge  of  the  behavior 
of  soils  under  this  type  of  loading.  The  development  of  special 
testing  machines  for  the  tests  required  a  major  portion  of  the  time 
available  for  this  work.  The  capabilities  of  these  machines  are 
summarized  below. 

Dynamic  and  rapid  one-dimensional  devices: 


Sample  diameter 
Sample  height 
Peak  axial  pressure 
Minimum  rise  time 
to  peak  pressure 


Dwell  time 
Triaxial  device: 

Sample  diameter 
Sample  height 
Maximum  cell  pressure 
Minimum  time  to  failure 


4  in. 

1  in. 

10,000  psi 


2  milliseconds  (dynamic 
loading  machine) 

35  mi  1 1 i seconds  (rapid 
loading  machine) 

control  led 


1.5  in . 

3  in. 

1500  psi 
3  mi  1 1 i seconds 


Dwel 1  time 


control  led 
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One- Pi men sional  Compression  Tests 


Twenty-five  one-dimensional  compression  tests  were  run  on 
compacted  samples  of  Goose  Lake  Clay.  The  average  initial  dry  density 
of  the  test  specimens  was  121.1  pcf  and  the  water  contents  averaged 
11.6  percent.  The  degree  of  saturation  was  slightly  less  than  80  percent 
on  the  average.  The  peak  pressures  ranged  from  620  psi  to  11,300  psi 
with  rise  times  to  the  peak  pressure  of  1.9  milliseconds  to  1625  milli¬ 
seconds.  The  dwell  time  and  rate  of  decay  were  also  varied. 

Trlaxial  Compression  Tests 

Forty-four  triaxial  compression  tests  to  fai  lure  were  performed. 
Cell  pressures  from  100  psi  to  1010  psi  were  used  with  t imes-to-fai lure 
varying  from  3  milliseconds  to  100  seconds.  In  ac.o:tion,  20  partial 
loading  tests  were  performed  with  the  same  range  in  cell  pressures.  In 
these  tests,  the  applied  axial  stress  varied  from  20  percent  to  60  percent 
of  the  stress  required  to  cause  failure  and  the  sum  of  the  rise  time  and 
dwell  time  was  about  400  milliseconds.  The  average  density  and  water 
content  for  all  the  test  specimens  were  117.3  pcf  and  11.3  percent 
respectively. 

6.2  CONCLUSIONS 

Dynamic  Compressive  Strength 

The  Hohr-Coulomb  failure  envelopes  (Fig.  4.12)  are  concave 
downward  and  approach  a  zero  slope  at  high  pressures.  This  type  of 
envelope  is  common  for  unconsol idated-undrained  compression  tests  on 
unsaturated  soil  and  is  the  result  of  the  "pressure  saturation"  of  the 
soil  under  high  ambient  total  stress. 
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The  compressive  strength  increased  about  50  percent  as  the 
time-to-fai lure  was  reduced  from  100  seconds  to  3  milliseconds.  This 
relationship  was  similar  for  both  the  upper  and  lower  ranges  of  cell 
pressure  used  in  this  project  (Figs.  4.10  and  4.11). 

Ratio  of  Lateral  to  Axial  Pressures 

The  ratio  of  lateral  stress  to  axial  stress  in  the  one¬ 
dimensional  compression  tests,  designated  as  Kq,  varied  on  the  average 
from  0.4  at  low  axial  stress  levels  to  0.9  or  1.0  at  axial  stresses  over 
1500  psi  (Fig.  5.1).  The  rate  of  loading  did  not  appear  to  influence 
Kq  significantly.  A  study  of  the  change  in  the  ratio  of  lateral  to 
axial  pressures  which  results  when  lateral  yield  is  permitted  indicates 
that  a  lateral  strain  of  the  order  of  10  percent  will  reduce  the  ratio 

from  K  to  the  minimum  value,  K  (Figs.  5.1  and  5.2). 
o  a  3 

Stress-Strain  Relations 

The  triaxial  secant  modulus  at  one-percent  strain,  Es,  was 
found  to  be  relatively  independent  of  the  loading  rate  for  samples 
subjected  to  a  confining  pressure  of  114  psi  but  the  modulus  increased 
with  decreasing  t imes-to-fai lure  at  a  confining  pressure  of  1010  psi 
(Fig.  4.25).  This  difference  in  behavior  is  attributed  to  the  effect 
of  the  prestress  which  resulted  from  the  kneading  compaction  procedure. 
The  secant  modulus  at  one-percent  strain  increased  from  10,000  psi  to 
more  than  20,000  psi  as  the  confining  pressure  increased  from  114  psi 
to  1010  psi  (Fig.  4.23). 

The  constrained  secant  moduli  for  the  rapid  one-dimensional 

tests  (t  >  35  ms.)  decreased  to  a  minimum  value  at  an  axial  pressure 
r 
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of  500  psi  and  then  increased  nearly  linearly  with  the  axial  stress 
(Fig.  3.22).  Above  1000  psi,  the  modulus  is  given  approximately  by 
the  equation 

M  »  25000  +15  a 
cs  a 

The  constrained  secant  moduli  for  the  dynamic  tests  (t^  <  35  ms.) 
averaged  50  percent  greater  than  those  for  the  rapid  tests,  but  the 
range  in  dynamic  moduli  overlapped  the  moduli  from  the  rapid  tests 
(Fig.  3.22)  . 

A  study  summari2ed  in  Fig.  5.4  implies  that,  for  a  given 
lateral  pressure,  the  constrained  tangent  modulus,  the  triaxial  secant 
modulus  at  one-percent  strain,  and  Kq  may  be  related  by  equations  for 
an  elastic  material.  However  no  conclusions  to  this  effect  are  warranted 
at  this  time. 

Residual  Strains  and  Creep 

The  residual  strains  due  to  one-dimensional  loading  were 
about  3  percent  for  axial  stresses  between  500  psi  and  1000  psi,  and 
from  3  percent  to  5  percent  for  stresses  from  1000  psi  to  10,000  psi 
(Fig.  3.21).  The  residual  strains  for  the  rapid  and  dynamic  tests 
were  simi lar. 

In  the  one-dimensionai  tests,  little  or  no  creep  occurred  under 
steady  load  after  the  peak  stress  was  applied,  possibly  as  a  result  of 
stress  overshoot.  In  the  triaxial  test  series,  in  which  lateral  strains 
were  not  controlled,  the  partial  loading  tests  demonstrated  that  the 
creep  rate  under  constant  load  is  a  function  of  the  stress  level, 
expressed  as  a  ratio  of  the  stress  required  to  cause  failure,  and  of 
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the  ceM  pressure.  The  prestress  caused  by  stress  overshoot  was  found 
to  reduce  the  creep  rate.  No  creep  was  observed  for  stresses  less  than 
35  percent  of  the  failure  stress. 

6.3  RECOMMENDATIONS  FOR  FUTURE  RESEARCH  EFFORTS 
Static  Soil  Properties 

To  provide  a  basis  for  the  interpretation  of  dynamic  test 
results  the  static  soil  properties  at  various  densities  and  water  contents 
should  be  established.  To  this  end,  static  unconsol idated-undrained 
triaxial  tests,  with  volume  change  measurements,  at  cell  pressures  from 
10  psi  to  1000  psi  are  required.  Effective  stress  data  should  be 
obtained  from  samples  pressure  saturated  in  the  same  pressure  range. 

Triaxial  Compression  Tests 

Because  of  time  limitations,  the  density  and  degree  of  saturation 
were  not  varied  in  this  study.  In  future  efforts,  consol idated-undrained 
tests  at  confining  pressures  between  10  psi  and  1000  psi  should  be 
performed  using  various  densities,  water  contents,  consolidation  pressures, 
and  strain  rates. 

One-Dimensional  Compression  Tests 

To  improve  the  accuracy  of  strain  measurements  for  highly 
compacted  specimens,  a  sample  height  of  2  inches  with  a  f loat i ng-type 
confining  ring  may  be  required.  The  strain  due  to  the  seating  load  in 
the  dynamic  tests  complicated  the  interpretation  of  the  strain  measurements. 
Efforts  should  be  directed  towards  improving  the  method  of  accounting  for 
these  strains. 
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The  most  interesting  changes  in  the  constrained  modulus  take 
place  below  a  stress  level  of  2000  psi.  This  stress  range  should  be 
investigated  more  thoroughly  with  equipment  having  a  higher  sensitivity 
at  low  stress  levels  than  that  used  for  the  high  pressure  tests. 
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APPENDIX  A 


ONE- DIMENSIONAL  TEST  RESULTS 


i 
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Axial  Strain,  «  ,  in/in. 

FIGURE  A.  5.  STRESS-STRAIN  CURVE  FOR  GOOSE  LAKE  CLAY 
IN  ONE -DIMENSIONAL  COMPRESSION  . 


Axial  Stress,  o*.  ,  psi. 


FIGURE  A.  6  .  STRESS-STRAIN  CURVE  FOR  GOOSE  LAKE  CLAY 
IN  ONE -DIMENSIONAL  COMPRESSION  . 
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Axial  Stress 


Axial  Strain,  «  ,  in/in 

FIGURE  A.  7.  STRESS-STRAIN  CURVE  FOR  GOOSE  LAKE  CLAY 
IN  ONE -DIMENSIONAL  COMPRESSION  . 
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FIGURE  A.  12.  STRESS-STRAIN  CURVE  FOR  GOOSE  LAKE  CLAY 
IN  ONE -DIMENSIONAL  COMPRESSION  . 
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Axial  Strain,  *  ,  in/in. 

FIGURE  A. 13 .  STRESS-STRAIN  CURVE  FOR  GOOSE  LAKE  CLAY 
IN  ONE-DIMENSIONAL  COMPRESSION. 
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Axial  Stress 


FIGURE  A. 1 6.  STRESS-STRAIN  CURVE  FOR  GOOSE  LAKE  CLAY 
IN  ONE -DIMENSIONAL  COMPRESSION  . 
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Axial  Strata 


11,000 


FIGURE  A. 17.  STRESS-STRAIN  CURVE  FOR  GOOSE  LAKE  CLAY 
IN  ONE-DIMENSIONAL  COMPRESSION. 
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Axial  Strain,  «Q,  in/in 

FIGURE  A.  18.  STRESS-STRAIN  CURVE  FOR  GOOSE  LAKE  CLAY 
IN  ONE -01  MEN  SION  AL  COMPRESSION  . 


Axial  Strait, 9. 


I!,000 


IN  ONE-DIMENSIONAL  COMPRESSION  . 


194 


Axial  Stress,  o-  ,  psi. 
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FIGURE  A. 2!.  STRESS-STRAIN  CURVE  FOR  GOOSE  LAKE  CLA> 
IN  ONE -DIMENSION AL  COMPRESSION. 
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FIGURE  A. 24.  STRESS-STRAIN  CURVE  FOR  GOOSE  LAKE  CLAY 
IN  ONE-DIMENSIONAL  COMPRESSION  . 
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IN  ONE-DIMENSIONAL  COMPRESSION. 
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Constrained  Modulus,  M  ,  1,000  psi 


FIGURE  A. 26.  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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FIGURE  A.27.  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION  . 
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Axial  Stress  ,  c rQ ,  psi 

FIGURE  A .28  .  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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FIGURE  A.2S.  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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FIGURE  A. 3 1 


RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 
AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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FIGURE  A. 32  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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FIGURE  A. 33  .  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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I6URE  A. 34 .  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 
AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 


Constroined  Modulus,  M  ,  1,000  psi 


FIGURE  A. 35  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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Constrained  Modulus,  M_  ,  1,000  psi 


FIGURE  A. 36.  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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FIGURE  A. 37.  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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FIGURE  A. 38.  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION  . 
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Constrained  Modulus,  M„  ,  1,000  psi 


FIGURE  A. 39.  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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Constrained  Modulus,  M„  ,  1,000  psi 
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FIGURE  A. 40.  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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FIGURE  A. 41.  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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Axial  Stress  ,  *Q ,  psi 

FIGURE  A. 42.  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 


FIGURE  A .43  .  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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Constrained  Modulus,  M  ,  1,000  psi 


FIGURE  A. 44 .  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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Constrained  Modulus,  M.  ,  1,000  psi 


FIGURE  A. 45.  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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Constrained  Modulus,  M  ,  1,000  psi 


FIGURE  A. 46.  RELATIONSHIP  BETWEEN  CONSTRAINED  MODUL 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  II 
ONE  DIMENSIONAL  COMPRESSION. 
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FIGURE  A. 47.  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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FIGURE  A. 48  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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FIGURE  A. 49.  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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FIGURE  A. 50  RELATIONSHIP  BETWEEN  CONSTRAINED  MODULUS 

AND  AXIAL  STRESS  FOR  GOOSE  LAKE  CLAY  IN 
ONE  DIMENSIONAL  COMPRESSION. 
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FIGURE  A  51.  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 

FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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FIGURE  A.53.  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 
FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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FIGURE  A.54.  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 
FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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FIGURE  A.55.  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 
FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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FIGURE  A. 56.  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 
FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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FIGURE  A. 57.  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 
FOR  GOOSE  LAKE  CLAY  \U  ONE -DIMENSIONAL 
COMPRESSION  . 


Radial  Stress 


FIGURE  A.58.  RELATIONSHIP  BETWEEN  AXIAL  ANO  RAOIAL  STF 
FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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FIGURE  A. 60.  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 
FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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FIGURE  A. 61 .  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 

FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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FIGURE  A. 62.  RELATIONSHIP  BETWEEN  AXIAL  AND'  RADIAL  STRESS 
FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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FIGURE  A. 63.  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 
FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 


Axial  Stress  ,  <rQ ,  psi 


FIGURE  A. 64.  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 
FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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FIGURE  A. 66  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 
FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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FIGURE  A. 67.  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 
FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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FIGURE  A. 68.  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 
FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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FIGURE  A  69  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 
FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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FIGURE  A. 70.  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  ST 
FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 

COMPRESSION  . 
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FIGURE  A.7I .  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 
FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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FIGURE  A. 72  RELATIONSHIP  BETWEEN  AXIAL  AND  RAQIAL  STRESS 
FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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FIGURE  A. 73.  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 

FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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Axial  Stress  ,  <t0  ,  psi 


FIGURE  A.74.  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 
FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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FIGURE  A  75  RELATIONSHIP  BETWEEN  AXIAL  AND  RADIAL  STRESS 
FOR  GOOSE  LAKE  CLAY  IN  ONE -DIMENSIONAL 
COMPRESSION  . 
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APPENDIX  B 


SYMBOLS 


constant 

constant 

velocity  of  air  blast  shock  front 
stress  wave  velocity  in  soil 

cohesion  intercept  of  total  stress  failure  envelope  for 
unconsol i dated-und ra i ned  shear  (psi) 
secant  modulus  (psi) 
initial  void  ratio 

ratio  of  developed  horizontal  pressure  to  applied  vertical  pressure 
coefficient  of  active  earth  pressure 

ratio  of  radial  stress  to  axial  stress  for  one-dimensional 
compress i on 

constrained  modulus  (psi) 
constrained  secant  modulus  (psi) 
constrained  tangent  modulus  (psi) 
number  of  blows  per  layer 
number  of  compacted  layers 
constant 

nominal  pressure  on  compaction  foot  (psi) 
ratio  of  strain  to  strain  at  failure 

ratio  of  stress  difference  to  stress  difference  at  failure 
degree  of  saturation  (percent) 
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initial  degree  of  saturation  (percent) 

specific  gravity  of  solids 

time  (milliseconds  or  seconds) 

time-to-fai  lure  (milliseconds  or  seconds) 

rise  time  to  peak  pressure  (milliseconds) 

water  content  (percent) 

initial  water  content  (percent) 

dry  dens i  ty  (pcf) 

initial  dry  density  (pcf) 

increment  (used  as  prefix) 

axial  strain  in  triaxial  compression  test  (percent) 

axial  strain  in  one-dimensional  compression  test  (in. /in.) 

a.ial  strain  at  failure  in  triaxial  test  (percent) 

radial  strain  in  one-dimensional  compression  test  (in. /in.) 

Poisson's  ratio 

standard  deviation 

major  principal  stress  (psi) 

minor  principal  stress  (psi) 

axial  stress  (psi) 

horizontal  stress  (psi) 

radial  stress  (psi) 

vertical  stress  (psi) 

slope  of  total  stress  failure  envelope  for  unconsol i dated- 
undrained  shear  (degrees) 
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